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ABS TRACT 

ANALYSES AND L I M I T E D  EVALUATIONS OF PAYLOAD AND 
LANDING SYSTEM STRUCTURES FOR THE SURVIVABLE 

SOFT LANDING OF INSTRUMENT PAYLOADS 

This r epor t  p re sen t s  a complete d e s c r i p t i o n  o f  s t r u c t u r a l  design and 

s i x  degrees of freedom loads and motions computer programs developed f o r  t h e  

i n v e s t i g a t i o n  of  p l a n e t a r y  landers  i n  t h e  soft l anding  l o a d  f a c t o r  range 

(10 t o  30 e a r t h  g -un i t s ) .  

i n t e r n a l  loads  d i s t r i b u t i o n ,  o v e r a l l  l anding  loads ,  and s i x  degrees of freedom 

motions f o r  a p l a t fo rm l ande r  ( a t t e n u a t o r  mounted between a p la t fo rm s t r u c t u r e  

f o r  support ing payload and a s i n g l e  landing  foo tpad) ,  

were used t o  perform l i m i t e d  eva lua t ions  of two concepts d f  a platform-type 

l a n d e r ,  one concept has t h e  major i ty  of  a u x i l i a r y  equipment mounted on t h e  

p l a t fo rm and t h e  o t h e r  has t h e  a u x i l i a r y  equipment on t h e  footpad. These 

l i m i t e d  analyses  were s u f f i c i e n t  t o  show t h a t  t h e  programs a r e  working 

p rope r ly  and demonstrate primary program c a p a b i l i t i e s  e 

The programs m a y  be employed for determining 

The computer programs 

... 
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1. SUMMARY 

This report  descr ibes  two computer programs developed by McDonnell Douglas 

Astronautics Company - Eastern Division under NASA contract  NAS-1-8137(U) f o r  

inves t iga t ion  of a platform type of planetary lander  i n  t h e  so f t  landing load 

f ac to r  range (10 t o  30 e a r t h  g ' s ) .  The i n t e r n a l  loads d i s t r ibu t ion ,  ove ra l l  

landing loads,  and s i x  degrees of freedom motions may be determined by these  

programs. 

supporting t h e  payload and i t s  s ing le  landing footpad. Limited evaluat ions 

conducted on two platform lander  concepts are reported.  

majority of aux i l i a ry  equipment mounted on t h e  platform and t h e  other  has 

t h e  aux i l i a ry  equipment on t h e  footpad. 

The platform lander i s  iden t i f i ed  by i t s  platform s t ruc tu re  f o r  

One concept has t h e  

Analyses of t he  lander concept w i t h  

equipment on t h e  platform a r e  included. 

One program developed i s  t h e  S t ruc tu ra l  Analysis Program. It i s  a 

f i n i t e  element program capable of determining i n t e r n a l  and ex terna l  loads 

and def lec t ions  of a s t ruc tu re  with up t o  74 members and 74 j o i n t s .  Six de- 

grees of freedom are permitted at  each j o i n t .  The program allows simulation 

of t h e  p l a s t i c  behavior of a crushable a t tenuat ion system and of s t r u c t u r a l  

members with r e s t r i c t e d  load  carrying capabi l i ty  i n  c e r t a i n  d i rec t ions ,  such 

as cables.  Mode shapes and na tu ra l  frequencies may a l s o  be obtained using 

t h i s  program. A reduction rout ine  i s  included t o  decrease the  s i z e  of t h e  

s t i f f n e s s  matrix, thereby minimizing computer t i m e  required f o r  modal ana lys i s .  

The o ther  computer program developed i s  t h e  Landing Loads and Motions 

Program. It allows determination of s o i l  loads,  i n e r t i a  loads,  a t tenuator  

loads and t h e  six-degrees-of-freedom motions of  t h r e e  separate  components con- 

nected by a f i n i t e  number of s t r u t s .  These components are t h e  footpad, the  



combined payload and platform, and a secondary equipment item. 

p l a s t i c ,  load-stroke cha rac t e r i s t i c s  of t h e  a x i a l  s t r u t s  a r e  simulated. A 

unique feature of t h i s  program i s  t h a t  e f f e c t s  of a f l e x i b l e  footpad s t ruc tu re  

using t h e  normal mode method of ana lys i s  are included. 

methods a re  a l s o  avai lable .  One method determines s o i l  force on an ele- 

mental area based on se lec ted  e l a s t i c -p l a s t i c  , load-stroke cha rac t e r i s t i c s  

of t h e  s o i l .  The second method i s  a modification of t h e  footpad-soil i n t e r -  

ac t ion  method developed during t h e  Lunar Module S o i l  Mechanics Study. 

The e l a s t i c -  

Two s o i l  mechanics 

Footpad mounting of equipment not required t o  function a f t e r  landing 

( aux i l i a ry  equipment) was considered. 

loca ted  on t h e  footpad t o  provide an unobstructed view of t h e  planetary sur- 

face,  it w a s  determined t h a t  it i s  preferable  t o  mount t h e  aux i l i a ry  equip- 

ment on t h e  platform, I n  addi t ion t o  being s l i g b t l y  l i g h t e r ,  t h i s  concept 

minimizes the  p o s s i b i l i t y  of surface contamination due t o  damage of a pro- 

Other than the  landing radar ,  which i s  

pe l l an t  l i n e  or t ank ,  Limited analyses of t h i s  concept were conducted using 

t h e  computer programs developed f o r  t h i s  study, thus  demonstrating t h e i r  

c a p a b i l i t i e s  e 

a 



2. INTRODUCTION 

Landing systems considered f o r  unmanned planetary landers  a r e  general ly  

categorized by landing load f a c t o r  range. Landers experiencing load f ac to r s  

g rea t e r  than 300 ea r th  g ' s  are considered hard landers  while those experiencing 

less than  50 ea r th  g ' s  are considered s o f t  landers.  Load f ac to r s  between 50 

and 300 ea r th  g ' s  are associated with intermediate landers.  

Payloads can be s o f t  landed on planets  with l i t t l e  atmosphere by using 

parachutes,  r e t r o  rockets ,  o r  a combination of both. One type of landing 

system appropriate f o r  s o f t  landings i s  t h e  platform lander  using a crushable 

load at tenuator .  This report  discusses the  methods of ana lys i s ,  computer 

programs, and results of l i m i t e d  analyses of a platform lander experiencing 

a landing load f a c t o r  l e s s  than  30 ea r th  g ' s .  

The primary goal  of t h i s  study i s  t o  develop methods of ana lys i s  and 

computer programs employing these  methods. A secondary goal i s  t o  conduct 

s t r u c t u r a l  analysis  and landing loads and motion analysis  of one platform 

lander.  Performing these  l imi ted  analyses provides the  opportunity t o  exer- 

c i s e  t h e  programs and demonstrate t h e i r  capabi l i ty .  

Two types of platform landers  can be s tudied using the  programs. In  one 

type,  t h e  majori ty  of equipment not required t o  function af'ter landing (auxi- 

l iary equipment) m d  t h e  payload package are mounted on the  platform. 

t h i s  approach, both t h e  payload and aux i l i a ry  equipment experience low ac- 

ce le ra t ions  during landing. As a result, s t r u c t u r a l  weight f o r  equipment and 

supporting brackets  i s  minimized. 

l iary equipment i s  mounted on t h e  lander  footpad. 

lower center  of g rav i ty  thereby increasing landing s t a b i l i t y .  

With 

In  t h e  other  type ,  t h e  majori ty  of auxi- 

This approach provides a 

3 



Limited evaluations of both lander  types were conducted and the  concept 

with majority of equipment located on the  platform was se lec ted  for analys is  

using t h e  computer programs developed for t h i s  study. 

4 



3. STEUCTURAL DESIGN CRITERIA 

The following fac tors  were considered i n  landing system and payload s t ruc-  

t u r e  design: s impl ic i ty ,  r e l i a b i l i t y ,  s towabil i ty ,  s t r u c t u r a l  compat ibi l i ty ,  

environmental compat ibi l i ty ,  weight, and s t e r i l i z a b i l i t y .  

for accouplishing postlapding payload exposure t o  permit operation of experi- 

ments such as bioscience and imagery; measurements of wind ve loc i ty  and direc-  

t i o n ,  ambient pressure,  temperature, and humidity; determination of s o i l  com- 

pos i t ion ;  and operation of systems such as power, communication, and thermal 

control .  

3.1 

Methods were provided 

LANDER DESCRIPTION - The general  arrangement of a t y p i c a l  platform 

lander with the  majori ty  of aux i l i a ry  equipment mounted on the  platform i s  shown 

i n  Figure 3.3-1. The lander  cons is t s  of t h ree  basic  components: 

system, ( 2 )  payload, and (3) aux i l i a ry  equipment. 

ponent are shown i n  Figure 3.3-2. 

(1) landing 

I t e m s  included i n  each com- 

3.2 DESIGN CONSTRAINTS - The following spec i f ied  design cons t ra in ts  were 

used i n  ana lys i s  of so f t  lander concepts, but do not necessar i ly  represent com- 

puter  program cons t ra in ts  : 

(1) Mass of t h e  landed vehicle  i s  40 slugs (1288 lbs.  

(2 ) The landed vehicle  (payload aux i l i a ry  equipment , 
i s  compatible with an 11-foot base diameter,  120° 

vehicle  (I 

or  less. 

and landing system) 

blunted cone en t ry  

( 3 )  Touchdown occurs a t  a v e r t i c a l  ve loc i ty  = 20 fps  ( p a r a l l e l  t o  t h e  

grav i ty  vec to r ) ,  and a maximum hor izonta l  ve loc i ty  = 12 fps  

5 
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( 4 )  The t o t a l  mass of t h e  payload including science instruments i s  a 

minimum of 1 2  slugs and t h e  payload packing densi ty  does not exceed 

a maximum of 60 l b / f t  e 

The landing vehicle  i s  not r e s t r i c t e d  i n  or ien ta t ion  about t h e  roll 

( cy l ind r i ca l )  ax is .  

P i tch  and yaw a t t i t u d e s  a t  touchdown vary as much as 2 1 0  degrees 

from a plane normal t o  the  grav i ty  vector.  

The landing vehicle has the  capabi l i ty  of successful ly  landing on 

slopes of 30' t o  t h e  l o c a l  horizontal .  

The landing system has t h e  capabi l i ty  of performing s a t i s f a c t o r i l y  

when landing on surfaces  containing p a r t i c l e s  varying i n  s i ze  from t h a t  

of sand t o  five-inch diameter rocks. 

footpad as long as they  do not degrade i t s  performance or reduce 

energy absorption capab i l i t y  of landing system. 

The atmospheric pressure at t h e  surface i s  assumed t o  be nine mb.  

The drag force on t h e  footpad varies with penetrat ion and with applied 

normal forces .  

The landing surface i s  assumed t o  approximate the  following proper- 

t i e s :  

depths of s i x  inches,  a constant densi ty  of 90 l b / f t  

t o  depths of s i x  inches,  and an angle of i n t e r n a l  f r i c t i o n  of 39 

degrees 

The coef f ic ien t  of s l i d i n g  f r i c t i o n  between t h e  surface and t h e  foot- 

pad i s  assumed t o  be 0.3. 

3 

Rocks are allowed t o  penetrate  t h e  

an average crushing s t r e s s  of 6.0 p s i  f o r  penetrat ions t o  

3 f o r  penetrat ions 

a 



Payload decelerat ion at  any point i n  the payload i s  a maximum of 20 

ea r th  g-units and footpad decelerat ion i s  a maximum of 250 ea r th  

g-unit s e 

Post landing or ien ta t ion  requi res  pos i t i ve  ax i s  alignment of t he  pay- 

load within 2 5 degrees t o  an ax is  perpendicular t o  the  l o c a l  surface 

slope.  

Materials considered f o r  use i n  t h e  s t ruc tu res  are compatible w i t h  

space environment and a maximum temperature of 500'K. 

r ials a r e  not used i n  areas which may be subject t o  abrasion w i t h  t he  

landing surface o r  t o  fragmentation w i t h  subsequent s ca t t e r ing  of 

fragments on t h e  landing surface.  

Surface g rav i t a t iona l  accelerat ion is  assumed t o  be 12.3 f t / s e c  . 
FACTORS OF SAFETY - The following f ac to r s  were applied t o  the  maximum 

Organic mate- 

2 

loads ( l i m i t  loads ) encountered i n  planetary landing within t h e  cons t ra in ts  

spec i f ied  above. 

(1) Ehergy Absorbing Material  f o r  Attenuator 1.00 

( 2 )  A l l  

The load 

sa fe ty  i s  t h e  

The land 

Other S%ructure 1.25 

obtained by multiplying l i m i t  load by the  appropriate f ac to r  of 

ultimate load used i n  s i z ing  t h e  s t ruc tu re .  

ng system has capab i l i t y  f o r  s t roke grea te r  than t h a t  required 

f o r  landings within cons t ra in ts  defined herein.  

determined from e i t h e r  of t h e  following condi t ions,  whichever i s  more c r i t i c a l :  

T h i s  addi t iona l  s t roke i s  

(1) If rocks do not pene t ra te  footpad, 1 5  percent addi t iona l  s t roke i s  

provided a 

If rocks pene t ra te  footpad, a one-inch clearance i s  provided between 

bottom of platform and a rock ly ing  on t h e  surface.  

( 2 )  
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4. PLATFORM LANDER EVALUATION 

Two types of platform landers  a re  compared i n  t h e  following discussion 

and weight summaries of both concepts a re  presented. 

ment except t he  landing radar i s  mounted on t h e  platform. 

I n  Concept I, a l l  equip- 

Both t h e  payload and 

aux i l i a ry  equipment experience low accelerat ions during landing. A s  a r e s u l t  

s t r u c t u r a l  weight f o r  equipment and supporting brackets i s  minimized. I n  

Concept 11, auxi l ia ry  equipment not required t o  function afier landing i s  

mounted on the  footpad. This approach provides a lower center  of grav i ty  with 

an increase i n  landing s t a b i l i t y .  

General arrangement drawings of t h e  two concepts were prepared t o  a i d  i n  

defining capabi l i ty  required of computer programs developed during t h i s  study. 

Limited comparisons of t he  two concepts were made t o  se l ec t  t h e  most promising 

concept f o r  fu r the r  analysis  using the  computer programs. 

4.1 PLATFORM LANDER DESCRIPTION - CONCEPT I - The platform lander con- 

sists of t h e  landing system, payload, and auxi l ia ry  equipment as shown i n  Fig- 

u re  4.1-1. Major elements of  the  landing system a re :  platform, footpad, and 

a t tenuat ion  system as shown i n  Figure 4.1-2. The payload includes a l l  scien- 

t i f i c  and experimental equipment :?equired after landing,, and associated elec- 

t r o n i c s ,  power supply, and thermal control  equipment. Auxiliary equipment 

cons is t s  of terminal  descent tanksge, terminal  propulsion engines, and landing 

radar  a 

The platform cons is t s  of a perimeter r i n g  and s i x  radial. beams as shown 

i n  Figure 4.1-3. 

assemblies f o r  t he  at tenuat ion system; provide the  in t e r f ace  with t h e  b iosh ie ld  

adapter a parachute canis te r  ant  deorbi t  motor support s t ruc ture ;  and are used 

F i t t i ngs  at  the ends of t he  r a d i a l  beams house t h e  cable  
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Figure 4.1-1 
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C A B L E  ASSEMBLIES 
6 PLACES- 

\f PLATFORM ASSEMBLY 

ATTENUATION SYSTEM DIAGONAL CABLES - TY P l C A L  
(6 SETS OF 2) 

ATTENUATOR 

PERIMETER RING 

FOOTPAD ASSEMBLY 

C E N T E R F O O T P A D  

ASSEMBLY -ATTENUATOR RING 

BASE 

BIOSHIELD 
ADAPTER INTERFACE TERMINAL DESCENT ENGINE 
( T Y P I C A L  3 PLACES) MOUNT F I T T I N G  (3 REQUIRED) 

PARACHUTE C A T A P U L T  
RECEPTACLE 

PARACHUTE CANISTER AND 
DEORBIT MOTOR INTERFACE 

( T Y P I C A L  3 PLACES) 

CABLE HOUSING 
( T Y P I C A L  6 PLACES) 

igure 4.1-3 
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t o  mount t he  terminal  descent engines. Secondary s t ruc tu re  supports t h e  termi- 

n a l  descent tankage and the  radioisotope thermoelectric generators.  

Below the base platform i s  t h e  at tenuat ion system cons is t ing  of a crush- 

able  r ing  of mater ia l  (a t tenuator )  t o  absorb energy and cable assemblies t o  

ensure uniform loading of a t tenuator  as shown i n  Figure 4.1-2. The at tenuat ion 

system l i m i t s  t h e  platform decelerat ion t o  20 g ' s  fo r  landing f l a t  on nn 

unyielding surface.  

Landing a t t i t u d e  capabi l i ty  i s  shown i n  Figure 4.1-4. Clearance between 

the  surface and equipment items i s  provided f o r  landing on slopes of 30' t o  

the l o c a l  horizontal  with touchdown ve loc i t i e s  of 20 fps  v e r t i c a l  and 1 2  fps  

horizontal .  

A weight summary f o r  Concept I i s  presented i n  Figure 4.1-5. S t ruc tu ra l  

weight of t he  footpad (69 l b )  i s  based on a radius  of 33 inches as shown i n  

Figure 4.1-1. 

increased four  inches t o  achieve equal s t a b i l i t y  with Concept 11. Preliminary 

estimates of Concept I s t a b i l i t y  ind ica te  t h a t  t h i s  footpad radius  increase i s  

not required t o  achieve s t ab le  landings within t h e  defined cons t ra in ts .  

An estimated 18.5 l b  weight increase r e s u l t s  i f  t he  radius  i s  

4.2 PLATFORM LANDER DESCRIPTION - CONCEPT I1 - This concept i s  i d e n t i c a l  

t o  Concept I except t h a t  t h e  terminal descent engines and tanks a r e  mounted on 

the  footpad ins tead  of  t he  platform as shown i n  Figure 4.2-1. 

t h i s  equipment r e s u l t s  i n  a lander  center  of grav i ty  2.5 inches closer  t o  t h e  

footpad 

Relocation of 

Weights f o r  Concept I1 a r e  compared t o  Concept I i n  Figure 4.1-5. Weights 

of f ive items a r e  s l i g h t l y  d i f f e ren t  f o r  t he  two concepts. These items a re  t h e  

a t tenuator  footpad s t ruc tu re ,  tank s t ruc tu re ,  engine support s t ruc tu re ,  and 

tank support s t ruc tu re .  
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LANDING ATTITUD 

PITCH OR YAW ANGLE /- k loo 
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LATFORM LANDER WEIGHT COMPARISONS 

ELEMENT I T E M  

SCIENCE 

COMMUNICATIONS, TELEMETRY 
ANTENNAE 

POWER (RTG AND BATTERIES) 

WIRING 

F L I G H T  CONTROL 

THERMAL PROTECTION 

EQUIPMENT PACKAGING AND 
MOUNTING 

STRUCTURE 

ATTENUATOR 

C A B L E  ASSEMBLY 

RADAR 

WIRING 

STRUCTURE 

MlSC 

ENGINES 

TANKS AND DISTRIBUTION 

UNUSED P R O P E L L A N T  AND 
P RESSURANT 

ENGINE SUPPORT STRUCTURE 

TANK SUPPORT STRUCTURE 

WEPGHT(POUN DS) 

CONCEPT I 

63.7 

79.6 

166.8 

90.0 

59.5 

81.5 

58.5 (599.6) 

40.0 

15.0 

i4.7 

42.7 

15.0 

69.0 

7.1 (203.5) 

72.5 

73.2 

40.3 

12.9 

8.1 (207.0) 

CONCEPT II 

40.0 

12.6 

14.7 

42.7 

15.0 

82.2 

7.1 (214.3) 

72.5 

77.0 

40.3 

16.5 

22.5 (228.8) 

WEIGHT 
DIFFERENCE 
CONCEPT I I  

MINUS 
CONCEPT I 

-2.4 

+13.2 

+3.8 

+ 3.6 

+14.4 

1010.1 1042.7 + 32.6 

igure 4.1-5 
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Figure 4.2-1 
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The at tenuator  f o r  Concept I1 i s  s l i g h t l y  lighter (2.4 lb) because l e s s  

weight i s  located on the  platform. Therefore, a lower crushing force  i n  t h e  

at tenuator  i s  required t o  maintain a payload decelerat ion below 20 g ' s .  The 

lower crushing force f o r  Concept I1 (14750 l b  compared t o  17570 lb f o r  Concept 

I )  i s  obtained by using a lower crush s t r e s s  a t tenuator  material (50 p s i  in- 

s tead  of 60 p s i )  and maintaining overa l l  a t tenuator  dimensions. 

S t ruc tu ra l  weight of t he  footpad increases 13.2 pounds f o r  Concept I1 

because it supports 293.6 pounds of equipment ( radar ,  wiring, miscellaneous, 

and terminal propulsion) compared with 64.8 pounds (radar, wiring and miscel- 

laneous) f o r  Concept I. 

S t ruc tu ra l  weight of t he  tanks increases  3.8 pounds f o r  Concept I1 due 

t o  higher i n e r t i a  loads experienced on the  footpad. 

Box beam s t ruc tu re  was  assumed as supports f o r  each of t h e  th ree  terminal 

propulsion engines on t h e  footpad (Figure 4 . 2 4 ) .  

by the  requirements t h a t  t he  exhaust plume not impinge on t h e  footpad and tha t  

t he  engine nozzle not contact t he  planetary surface when landing on a 30 degree 

slope.  

cept I. 

loads experienced on items mounted on the  footpad. 

Their loca t ion  i s  d i c t a t ed  

Support beams weigh 16.5 pounds compared w i t h  12.9 pounds f o r  Con- 

This weight increase of 3.6 pounds i s  due t o  the  increased i n e r t i a  

The two 15-inch diameter spher ica l  hydrazine propel lant  tanks and the  17- 

inch diameter spher ica l  ni t rogen pressurant tank were as ;med t o  be supported 

by s t r u c t u r a l  m e m b e r s  as shown i n  Figure 4.2-1, Locatioir i s  d i c t a t ed  by c lear -  

ance of t h e  tanks with t h e  platform a f t e r  s t roking  of the  a t tenuator ,  and 

clearance of t h e  tanks with t h e  surface f o r  landing on a 3C degree slope.  

17 



Weight of tank support s t ruc tu re  i s  22.5 pounds compared with 8.1 pounds f o r  

Concept I. This weight increase of 14 .4  pounds i s  due t o  high i n e r t i a  loads 

on footpad and increased length of t h e  support s t ruc ture .  

4.3 CONCEPT SELECTION - It i s  shown i n  Figure 4.1-5 t h a t  Concept I1 is  

32.6 pounds heavier than Concept I. 

s i b i l i t y  of propel lant  leakage because of higher decelerat ion and increased 

p o t e n t i a l  f o r  contact between t h e  terminal propulsion engines or tanks and t h e  

planetary surface.  

Concept I1 a l s o  possesses a grea te r  pos- 

The parameter H/R,  center  of grav i ty  height  divided by footpad rad ius ,  

For Concept I, H/R i s  .610 i s  a major f ac to r  determining lander  s t a b i l i t y .  

and f o r  Concept 11, it i s  ,535. By increasing t h e  footpad radius  for Concept I 

from 33 inches t o  37 inches,  H/R may be made equal Tor both concepts. In- 

creasing the  footpad radius  s however I increases  t h e  s t r u c t u r a l  weight 18 * 5 

pounds (footpad, 16.2 pounds and platform, 2.3 pounds 1. 

s t i l l  be 14.1 pounds l i g h t e r  than Concept I1 when based on comparable values 

of t h e  s t a b i l i t y  parameter, H/R. 

analys is  using t h e  computer programs developed for t h i s  t a sk  order .  

Thus, Concept I wodd 

Therefore, Concept I i s  se lec ted  f o r  fu r the r  
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5. SELECTED PLATFORM LANDER 

This sec t ion  describes i n  d e t a i l  t h e  platform lander  (Concept I) se lec ted  

fo r  analysis  using the  computer programs discussed i n  Sections 6 and 7. 

marily t h i s  discussion provides the  information needed t o  understand s t r u c t u r a l  

i dea l i za t ion  of t h e  lander  when using the  computer programs. 

Pr i -  

5 . 1  PAYMAD - The payload cons is t s  of a l l  s c i e n t i f i c  and experimental 

equipment required after landing, and associated e lec t ronics ,  power supply and 

thermal cont ro l  equipment. Payload s t ruc tu re  includes the  hexagonally shaped 

can i s t e r ,  cold p l a t e ,  and stand-off beam gr id .  

5 .1 .1  Equipment - The s o i l  acquis i t ion  and processing devices; wind sen- 

sor; payload temperature sensor; atmospheric temperature, pressure,  and humid- 

i t y  sensors;  accelerometers; high and low reso lu t ion  facsimile  cameras; 

r ad ia to r s ;  u l t r a v i o l e t  photometer; and S-band and UHF antennas a r e  a t tached ex- 

t e r n a l l y  t o  t h e  can i s t e r  as shown i n  Figure 5.1-1. Equipment mounted on the  

cold p l a t e ,  Figure 5.1-2, and contained within the  can i s t e r  includes the  bound- 

water de t ec to r ;  ac t ive  biology de tec to r ;  pyrolysis  gas chromatograph mass 

spectrometer; science,  communications and f l i g h t  cont ro l  e lec t ronics  ; bat-  

t e r i e s ,  and ba t t e ry  chargers. Two radioisotope thermoelectric generators 

(RTG) ,  mounted on the  platform, provide regenerat ive power source and heat 

supply t o  the  heat pipes beneath the  cold p l a t e .  A seismometer i s  at tached 

d i r e c t l y  -to t he  platform s t ruc ture .  

5.1.2 S t ruc ture  - The c a n i s t e r  cons is t s  of an enclosed six-sided con- 

t a i n e r  of  aluminum sheet  metal  construct ion (Figure 5.1-1). 

members are provided a t  a l l  comers  and wherever equipment items a r e  a t tached.  

Angle s t i f f e n i n g  
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D ON COLD PLATE 

GAS CHROMATOGRAPH & 
MASS SPECTROMETER 

TMOSPHERIC 
BOUND RESSURE SENSOR 

INTERFACE UNIT 

POWER SWITCHING 

TRANSPONDER 

ELECTRONICS 

PROCESSING 

PROGRAMMER 

UHF SYSTEM 

MEASUREMENT COM PU T E  R 

BATTERY 
CHARGER # 1  

BATTERY #1 

BATTERY 
CHARGER #2 

Figure 5.1-2 
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I n e r t i a  loads of  a t tached equipment are ca r r i ed  by the  angle cap and shear web 

assembly t o  the  stand-off beam grid.  

The cold p l a t e ,  Figure 5.1-2, a machined aluminum p l a t e  with hea t  pipes 

a t tached t o  i t s  lower surface,  supports a t tached equipment and a c t s  as a hea t  

s ink f o r  thermal control .  Equipment items are mounted t o  an i n t e g r a l  beam 

network formed by machining t h e  p l a t e .  

stand-off beam g r id ,  bu t  thermally separated from it by insu la t ion .  

The cold p l a t e  i s  at tached t o  the  

The stand-off beam g r id  provides thermal separat ion and 

t r ans fe r s  i n e r t i a  loads from t h e  payload t o  t h e  platform. It cons is t s  of a 

six-sided welded t i t an ium beam g r id  at tached t o  t h e  platform a t  t h e  six r a d i a l  

beams. Methods f o r  i dea l i za t ion  of t h e  can i s t e r  cold p l a t e  and stand-off beam 

g r i d  s t ruc tu re  t o  make them compatible with computer programs are discussed i n  

Sections 6.1 and 7.1. 

5.2 AUXILIARY EQUIPMENT - Auxiliary equipment cons is t s  of terminal pro- 

pulsion tankage, engines, and landing radar .  The landing radar  i s  mounted i n  

t h e  center  of t h e  footpad, providing an unobstructed view of the  planetary 

surf ace e 

Three terminal  propulsion engines each with 450-pound t h r u s t ,  a r e  used 

f o r  terminal  braking of t he  lander .  

p i t c h  and yaw cont ro l  and one engine i s  hinge mounted for roll control .  

They are d i f f e r e n t i a l l y  t h r o t t l e d  f o r  

Ma- 

chined t i tanium beams, cant i levered from t h e  ends of t h ree  of t he  r a d i a l  beams 

on the  platform, support t he  engines. 
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A ni t rogen blowdown system provides pressure required f o r  t h e  propel lant  

feed system. 

i s  cant i levered from a beam extension of a r a d i a l  platform beam. 

propel lant  from two 15 inch diameter t i tanium tanks i s  fed t o  t h e  engines when 

squib valves i n  t h e  pressurant  l i n e s  a re  ac t iva ted .  These tanks are mounted 

i n  a manner similar t o  the  pressurant  tank. 

Nitrogen i s  s tored  a t  1350 p s i a  i n  a 17-inch diameter tank which 

Hydrazine 

5.3 LANDING SYSTEM - The landing system cons is t s  of t h ree  major compo- 

nents:  platform, a t tenuat ion system, and footpad. 

5.3.1 Platform - A perimeter r i n g  and s i x  r a d i a l  beams comprise t h e  p l a t -  

form s t ruc tu re  as shown i n  Figure 5.3-1. Beam extensions support terminal 

propulsion engines and tanks and house the  rachet ing mechanism f o r  t h e  veu'tical 

cables described i n  Section 5.3.2. The payload assembly i s  bol ted  t o  t h e  p l a t -  

form at  the  s i x  r a d i a l  beams. 

t h e  upper a t tenuator  cap r i n g  t o  support the  a t tenuator  assembly. 

Bolting these two machined r ings  toge ther  c rea tes  a closed box sec t ion ,  g rea t ly  

increasing the  t o r s i o n a l  s t i f f n e s s  of t he  outer  r ing .  Methods f o r  i dea l i z ing  

the  platform s t r u c t u r e  t o  make it compatible with computer programs are dis-  

A machined t i t an ium perimeter r i n g  a l igns  w i t h  

cussed i n  Sections 6,1 and 7.1. 

5.3.2 Attenuation System - A cy l ind r i ca l  r i n g  of crushable a t tenuator  

mater ia l ,  v e r t i c a l  cable  assemblies, and diagonal cable assemblies m a k e  up 

t h e  a t tenuat ion  system, as shown i n  Figure 5.3-2. Brazed commercially pure 

titanium honeycomb was  se lec ted  f o r  t h e  crushable a t tenuator  material t o  sat- 

isfy t h e  requirement f o r  no conttlmination such as might occur i f  aluminum 

honeycomb employing an organic bond were used. 

with a 3/8-inch c e l l  s i z e  and 0.001-inch-thick f o i l  w i l l  provide the  required 

A hexcel honeycomb configurat ion 
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crushing s t r e n g t h  of 60 p s i .  

honeycomb cy l inde r  providing t h e  means f o r  mechanically a t t ach ing  t h e  at tenu-  

a t o r  t o  t h e  p l a t fo rm and footpad. 

Machined t i t a n i u m  cap r i n g s  a r e  brazed t o  t h e  

Since t h e  a t t e n u a t o r  material i s  not capable of  car ry ing  shear  l oads  from 

t h e  footpad t o  t h e  p l a t fo rm whi le  crushing,  diagonal  cables  were added between 

t h e  footpad and platform.  

diameter ,  provide t h e  shear  car ry ing  c a p a b i l i t y  (Figure 5.3-2). The diagonal  

cables  a r e  a t t a c h e d  t o  i n t e g r a l  f i t t i n g s  on t h e  a t t enua to r  cap r i n g s  allowing 

t h e  honeycomb cy l inde r ,  cap r i n g s ,  and diagonal  cables  t o  be assembled as a 

uni t .  

S ix  sets of  two diagonal  s t e e l  cab les ,  7/32-inch 

A spring-loaded v e r t i c a l  cab le  system i s  incorporated t o  provide p o s i t i v e  

assurance aga ins t  a t t enua to r  s e p a r a t i o n  from t h e  cap r ings .  These cables  a r e  

a t tached  t o  a r ache t  mechanism at t h e  platform t o  t a k e  up - s l ack ,  and t o  re-  

move a p o r t i o n  of t h e  energy s t o r e d  i n  t h e  footpad due t o  e l a s t i c  deformation 

during landing.  

p a t i b l e  wi th  computer programs a r e  discussed i n  Sect ions 6 .1  and 7.1. 

Methods f o r  i d e a l i z i n g  t h e  a t t enua t ion  system t o  make it com- 
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5.3.3 Footpad - The footpad i s  a t i tanium s t ruc tu re  cons is t ing  of a 

machined perimeter r ing ,  a t tenuator  r ing ,  inner  r ing ,  and twelve r a d i a l  beams 

as shown i n  Figure 5.3-3. A t h i n  sheet  of t i tanium covers t he  e n t i r e  lower 

surface of t he  footpad, except i n  t h e  a rea  bounded by the  inner r i n g  where the  

landing radar  i s  located.  

t o r  a t  t h e  footpad a t tenuator  r ing .  

beams provide f o r  attachment of v e r t i c a l  cable assemblies e 

ing t h e  footpad s t ruc tu re  t o  make it compatible with the  computer programs a r e  

presented i n  Sections 6 .1 and 7.1. 

The footpad is  mechanically attached t o  t h e  attenua- 

In tegra l  f i t t i n g s  on s i x  of t h e  radial  

Methods for idea l iz -  

5.4 AEROSHELL COMPATIBILITY - An aeroshe l l  i n s t a l l a t i o n  drawing, Figure 

5.4-1, shows compatibi l i ty  of t h e  se lec ted  platform lander with an 11 foot  base 

diameter, 120-degree blunted cone aeroshe l l .  

are the  aeroshe l l ,  platform lander ,  deorbi t  motor, parachute, adapter ,  and bio- 

sh ie ld .  

Major components of t h e  assembly 

The lander  footpad i s  attached t o  t h e  aeroshe l l  a t t ach  r ing.  A t r i pod  

"he aeroshe l l  t r u s s  supports t h e  parachute system and deorbi t  motor assembly. 

and lander  are joined t o  t h e  i n t e r n a l  b iosh ie ld  a t t ach  r i n g  by t h e  adapter.  

The assembly i s  at tached t o  t h e  launch vehicle  adapter a t  the ex terna l  bio- 

sh i e ld  a t t ach  r ing .  

j o i n t s .  

Pyrotechnic devices are used a t  a l l  separat ion 

5.5 

Figure 5.5-1. 

and atmospheric science arm deployed following landing 

EXPERIMENT DEPLOYMENT - The se lec ted  platform lander  is shown in 

The lander  i s  shown wi th  t h e  surface sampler,, facsimile  camera, 
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6. STRUCTURAL ANALYSIS PROGRAM 

The S t ruc tu ra l  Analysis Program i s  used t o  determine i n t e r n a l  load dis-  

t r i b u t i o n s  i n  landing system and payload s t ruc tu res  and t o  generate footpad 

s t i f f n e s s  da ta  f o r  use i n  the  Landing Loads and Motions Program. In t e rna l  and 

ex terna l  load d i s t r ibu t ions  and def lec t ion  pa t t e rns  a re  determined f o r  any 

system of forces  o r  def lect ions impressed on an e l a s t i c  network of s t r u c t u r a l  

bar  members. Additionally the  program solves problems wherein t h e  support 

s t ruc tu re  behaves p l a s t i c a l l y .  Mode shapes and na tu ra l  frequencies are  de- 

termined using t h e  S t ruc tu ra l  Analysis Program. 

Development of t h e  f i n i t e  element 9 t i f f n e s s  method as it is  employed i n  

t h e  S t ruc tu ra l  Analysis Program i s  presented i n  Section 6.1. 

sec t ion  a re  recommended methods f o r  i dea l i z ing  t h e  lander  s t ruc tu re  and dis- 

cussions of  t he  normal mode method. 

gram are presented i n  sec t ion  6.2 and operating in s t ruc t ions  are  presented i n  

Section 6.3. 

Included i n  t h i s  

organization and capab i l i t i e s  of the pro- 

A program l i s t i n g  i s  given i n  Appendix F. 

6.1 ANALYTICAL METHODS - The landing system and payload s t ruc tu res  a re  

highly redundant space frames, cons is t ing  of a network of members possessing 

extensional ,  flexural, and to r s iona l  s t i f f n e s s .  Several  methods f o r  solving 

complex s t r u c t u r a l  problems are i n  use today t h a t  e f f ec t ive ly  u t i l i z e  the  

computer. 

f i n i t e  

method w a s  s e l ec t ed  because of s impl ic i ty  i n  deal ing with non-homogeneous, 

an iso t ropic  s t r u c t u r a l  appl icat ions.  In  addi t ion ,  t h e  elements can be changed 

e a s i l y  i n  shape and s i z e  t o  follow complex boundary conditions or t o  allow f o r  

regions of rap id  changes i n  stress o r  def lec t ion .  

Two methods considered f o r  t h e  S t ruc tu ra l  Analysis Program were the 

d i f fe rence  method and t h e  f i n i t e  element method. The f i n i t e  element 
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A fundamental p a r t  of t he  f i n i t e  element method i s  the  technique used t o  

obta in  displacements a t  junctions of elements. Two approaches considered f o r  

t h e  S t ruc tu ra l  Analysis Program were t h e  force  ( f l e x i b i l i t y )  method and t h e  

s t i f f n e s s  (displacement) method. The s t i f f n e s s  method w a s  se lec ted  pr imari ly  

because it i s  more compatible wTth the requirement f o r  p l a s t i c  load-stroke 

cha rac t e r i s t i c s  of t h e  supports (a t tenuators )  a t  the  boundary. In  addi t ion,  t he  

s t i f f n e s s  matrix developed with t h i s  method may be used d i r e c t l y  t o  generate 

t h e  footpad normal modes required f o r  t h e  footpad f l e x i b i l i t y  analysis  i n  t h e  

Landing Loads and Motions Program. 

6.1.1 Coordinate Systems - Two coclrdinate systems employed i n  t h e  

S t ruc tu ra l  Analysis Program a re  the 10cs.l coordinate system and t h e  global  co- 

ordinate  system. Each bar  member has i t s  s e t  of l o c a l  coordinates as shown i n  

Figure 6.1-1. Displacement notat ion of a general  bar  element capable of 

carrying a x i a l  load,  shear i n  two d i rec t ions ,  bending i n  two d i r ec t ions ,  and 

to r s ion  i s  a l so  ind ica ted  i n  Figure 6.1-4 f o r  t h e  l o c a l  coordinate system. 

Subscript  1 r e f e r s  t o  a displacement due t o  a x i a l  load,  subscr ipts  2 and 3 

are f o r  displacements due t o  shear loads,  subscr ipt  4 i s  f o r  a ro t a t ion  due t o  

torque, and subscr ip ts  5 and 6 a r e  f o r  ro ta t ions  due t o  moments. 

coordinate system o r lg in  f o r  each ba r  i; loca ted  at  j o i n t  "p", with t h e  x 

The l o c a l  

e 
ax i s  aligned along the  member axis. Posi t ive i s  on the  s ide  of j o i n t  "p" 

axis i s  psypendicular t o  x and i s  located i n  t h e  e towards j o i n t  "q" . 
"pqr" plane. Pos i t ive  y i s  on t h e  s ide  of x towards point  "rtfQ The ze 

ax i s  i s  then es tab l i shed  using t h e  right hand ru le .  

are es tab l i shed  by ident i fy ing  each b u t  s o r i g i n  ( j o i n t  "p") 

and or ien ta t ion  of t he  bending ax i s  J 

1 1 
Local coordinate systems 

end ( j o i n t  "q") 

Moment of (defined by j o i n t  rtrc')e E 
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i n e r t i a  I about t h e  y axis, moment of i n e r t i a  I about t h e  z axis, 

c ross - sec t iona l  area A, t o r s i o n a l  cons tan t  J ,  modulus of e l a s t i c i t y  E ,  and 

shea r  modulus G are s p e c i f i e d  for  each b a r  relative t o  i ts  l o c a l  coord ina te  

system. 

T 1 N .l 

A comon coord ina te  system (global) f o r  a11 s t r u c t u r a l  elements must be 

e s t a b l i s h e d  so  t h a t  element f o r c e s  and displacements  may be  r e l a t e d  t o  a common 

frame of  re ference .  This  g l o b a l  coord ina te  system may be any convenient or tho-  

gonal r i g h t  hand system. 

coord ina te  system i s  shown i n  F igure  6.1-2. J o i n t  l o c a t i o n s ,  e x t e r n a l  l o a d  

d i s t r i b u t i o n s ,  and j o i n t  d e f l e c t i o n s  are a l l  s p e c i f i e d  i n  the g loba l  coord ina te  

system. 

Displacement n o t a t i o n  of t h e  bar element i n  t h e  g l o b a l  

6.1.2 S t r u c t u r a l  I d e a l i z a t i o n  - S t r u c t u r a l  ana lys i s  of  t h e  p l a t  form 

l a n d e r  i s  accomplished by s e p a r a t i n g  t h e  l a n d e r  i n t o  i t s  major s t r u c t u r a l  com- 

ponents ; footpad ,  footpad and a t t e n u a t o r ,  p la t form,  and payload. The footpad 

s t r u c t u r e  i s  analyzed s e p a r a t e l y  when determining modal data for use i n  t h e  

Landing Loads and Motions Program. S o i l ,  a t t e n u a t o r ,  cab le ,  and footpad 

i n e r t i a  fo rces  a r e  determined i n  t h e  Landing Loads and Motions Program as 

a func t ion  of  t i m e .  These fo rces  at t i m e s  of  i n t e r e s t  are used i n  t h e  

S t r u c t u r e a l  Aanlysis  Program t o  determine t h e  i n t e r n a l  loads  i n  t h e  footpad.  

The a t tenuator -p la t form i n t e r f a c e  i s  assumed t o  5e undeformed i n  both  programs. 

The footpad ,  i nc lud ing  a t t e n u a t o r  cvld 30 th  cable  systems,  can be 

analyzed us ing  t h e  S t r u c t u r a l  Analysis  Program. This conf igu ra t ion  i s  u s e f u l  

f o r  pre l iminary  s t r u c t u r a l  a n a l y s i s  ( p r i o r  t o  ob ta in ing  d a t a  from t h e  Landing 

Loads and Motions Program) o r  f o r  ana lys i s  o f  s p e c i a l  condi t ions  s p e c i f i e d  f o r  

s t r u c t u r a l  des ign ,  such as l and ing  on a rock.  It i s  p o s s i b l e  t o  analyze any 
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port ion o r  combination of these  s t ruc tu res  using the  S t ruc tu ra l  Analysis Pro- 

gram. 

known, and t h a t  s u f f i c i e n t  supports be provided f o r  s t a b i l i t y .  

The only requirements are t h a t  t h e  def lec t ion  of support po in ts  be 

The footpad s t ruc tu re  (Figure 5.3.-3) cons is t s  of an outer  r i ng ,  a t tenuator  

r ing ,  inner  r ing ,  and twelve r a d i a l  beams. These r ings  and beams a r e  idea l ized  

as s t r a i g h t  bar elements connecting the  system of j o i n t s  formed by t h e  in t e r -  

sec t ion  of r ings  and beams as shown i n  Figure 6.1-3. Additional j o i n t s  could 

be introduced i f  desired,  thus subdividing t h e  s t ruc tu re  i n t o  a f i n e r  g r i d  

system (program w i l l  accommodate up t o  74 j o i n t s ) .  

determine mode shapes and frequencies using one-half t he  s t ruc tu re  [when 

symmetrical) 

incor rec t  modal data .  

pad i s  considered t o  be act ing with t h e  beams and r ings  i n  determining t h e i r  

sec t ion  proper t ies .  

While it is  possible  t o  

caution must be used t o  avoid c rea t ing  undesired cons t ra in ts  and 

The e f f ec t ive  width of t h i n  sheet  covering the foot- 

When idea l i z ing  t h e  combined footpad, a t tenuator ,  and cable systems, it 

i s  possible  t o  take  advantage of symmetry and analyze one-half t h i s  system 

as shown i n  Figure 6.1-4. Loads a re  applied t o  the  idea l ized  s t ruc tu re  as 

follows: 

of symmetry (plane defined by z-2 axes, Figure 6.1-4). 

when applied a t  any other  point .  S t ruc tura l  members whose longi tudinal  axis 

l i e s  i n  t h e  plane of symmetry are ideal ized using one-half: t h e  values f o r  A ,  

IN9 IT, and J. 

i zed  using one-half t he  cross  sec t iona l  area,  A, and one-half the  p l a s t i c  force  

cons t ra in t .  Calculated i n t e r n a l  and ex terna l  loads f o r  members and supports 

whose proper t ies  were halved must be doubled, when determining load d i s t r ibu t ions  

one-half t he  t o t a l  load i s  used i f  t h e  load i s  applied i n  t h e  plane 

The f u l l  load i s  used 

Attenuator supports ly ing  i n  t h e  plane of symmetry a re  ideal-  
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I AND VERTICAL CABLES 
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for e n t i r e  s t ruc ture .  A l l  o ther  loads and all deflect ions a re  correct  as 

calculated . 
A crushable r i n g  of brazed t i tanium honeycomb absorbs landing impact 

energy (Figure 5.3-2). 

capable of carrying a x i a l  load only. 

j o in t s  where they a t tach  t o  the platform and t o  t h e  footpad, The a rea  of each 

of these ba r s  is 1/12 the  t o t a l  r i n g  crush a rea  (292 square inches 

24.38 square inches)  and the  modulus of e l a s t i c i t y  i s  27200 ps i .  

12  bars crushes when a compressive load of 1462 pounds (60 p s i  crush s t r e s s  

times 24.38 square inches)  i s  applied. 

of t h e  brazed j o i n t  between the  honeycomb and closure r ing  i s  60 p s i  a l so .  

Therefore, these  bars  have equal tension and compression s t rength.  

Honeycomb has very l i t t l e  capabi l i ty  f o r  carrying shear loads normal t o  the  

This r ing  i s  idea l ized  as 12  d i sc re t e  v e r t i c a l  bars 

These bars  a re  assumed t o  have pinned 

f 12 = 

Each of the  

It i s  assumed t h a t  t h e  tension s t rength  

c e l l  ax i s  while crushing. Therefore, s i x  s e t s  of diagonal cables shown i n  

Figure 6.1-4 are used t o  t ransmit  shear loads from t h e  footpad t o  the  platform. 

Since these  cables cannot carry compression loads,  a lower p l a s t i c  force l i m i t  

of zero i s  placed on these  members. 

7 s t r and)  s t a i n l e s s  s t e e l  cable i s  0.0376 square inches and the  modulus of 

e l a s t i c i t y  i s  16,330,000 p s i  (product of A and E i s  614,000 pounds). Other 

proper t ies  are set  equal t o  zero,  so that  these  members only car ry  tension.  

The area of each 7/32-inch diameter (1 x 

The v e r t i c a l  cables a re  modeled s i m i l a r  t o  t h e  diagonal cables.  Four 

5/32-inch diameter (1 x 7 s t r and)  s t a i n l e s s  s t e e l  cables make up each v e r t i c a l  

cable. Total  a r ea  md modulus of e l a s t i c i t y  of each v e r t i c a l  cable a re  0.0765 

square inches and 16,330,000 psi, respect ively.  

cables and a t tenuators  a re  assumed t o  be supported a t  t h e  platform. 

All bar  members idea l i z ing  
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The platform s t ruc tu re  (Figure 5.3-1) cons is t s  of a perimeter r ing  and 

s i x  radial beams. Terminal propulsion engines and tanks a re  attached t o  beams 

cant i levered from t h e  primary platform s t ruc tu re .  These r ings  and beams a re  

idea l ized  as s t r a i g h t  bar elements connecting t h e  system of j o i n t s  shown i n  

Figure 6.1- 5. 

Payload s t ruc tu re  (Figures 5.1-1 and 5 . 1 2 )  cons is t s  of a stand-off beam 

gr id ,  cold p l a t e ,  and canis te r .  Cold p l a t e  and stand-off beam gr ids  a r e  ideal-  

ized as s t r a i g h t  bar  elements connecting j o i n t s  as shown i n  Figure 6.1-6. The 

can i s t e r  i s  idea l ized  as a network of shear panels and pinned bar caps capable 

of carrying only a x i a l  load. 

Shear panels may be ideal ized as e i t h e r  two diagonal bars capable of 

carrying only a x i a l  load as shown i n  Figure 6.1-7, o r  four bars  i n  a cruciform 

pa t t e rn  capable of t ransmi t t ing  only shear t o  the  cap members as shown i n  

Figure 6.1-8. 

load,  which i s  t h e  normal idea l i za t ion  of a shear panel. 

t h e  introduct ion of f i v e  ex t r a  j o i n t s  and s i x  addi t ional  bar  members. 

The l a t t e r  method i s  preferred s ince  the  web c a r r i e s  no a x i a l  

This method requi res  

6.1.3 S t i f fnes s  Matrices - In  the f i n i t e  element s t i f f n e s s  method 

se lec ted  for  t h e  S t ruc tu ra l  Analysis Program, the  ac tua l  s t ruc tu re  i s  idea l ized  

as an assembly of d i s c r e t e  s t r u c t u r a l  ba r  elements joined together  at t h e  ends 

(nodal po in t s ) .  A s t i f f n e s s  matrix f o r  each element i s  generated i n  i t s  l o c a l  

coordinate system based on s m a l l  def lec t ion  theory.  This i s  done by applying 

a u n i t  displacement o r  ro t a t ion  t o  one end of t h e  bar  (while r e s t r a in ing  a l l  

other  ro t a t ions  and displacements) and determining t h e  induced forces  and 

moments. Displacements and ro t a t ions  a re  applied sequent ia l ly  u n t i l  a l l  de- 

grees of freedom a t  each end of t h e  element have been included. Displacement 
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COLD PLATE - STAND-OFF BEAM GRID IDEALIZATION 

2 

/ -COLDPLATE BEAM 

/STAND-OFF BEAM 

4 

PLATFORM ATTACHES AT JOINTS 1, 2, 3, 4, 5, AND 6 
COLD PLATE BEAMS ARE INTERIOR BEAMS 
STAND-OFF BEAMS ARE PERIMETER BEAMS 
TOTAL WEIGHT OF SUPPORTED EQUIPMENT AND STRUCTURE = 606.9 LB 

Figure 6.1-6 
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SHEA TION USING DIAGQNA 

FRAMING CAP 

2 3/2 
(a2+ b ) t 

4 a b ( 1  + v )  

BAR PROPERTIES: 
B A R S T  AND 2' A =  

E =  E~~~ 

OTHER PROPERTIES = 0 

GIYEN SHEAR WEB: SIZE a x b, THICKNESS t, 
MODULUS O F  ELASTICITY E, POISSON'S 
RATIO v 

DIAGONAL IDEALIZATION: ADD 2 BARS AS SHOWN. 
BARS ARE PINNED A T  BOTH ENDS AND 
ARE NOT ATTACHED TO EACH OTHER. 

INTERPRETATION OF OUTPUT: DIAGONALS TRANS- 
MIT  A X I A L  LOAD BETWEEN JOINTS, SIMULAT- 
ING A WEB CARRYING SHEAR. 

Figure 6.1-7 
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notat ion of a general  ba r  element capable of carrying a x i a l  los?d, shear i n  two 

d i rec t ions ,  bending i n  two d i rec t ions ,  and t o r s ion  w a s  shown i n  Figure 6.1-1. 

Force-displacement re la t ionships  f o r  t h e  th ree  u n i t  displacements and th ree  

u n i t  ro t a t ions  possible  a t  each end of t he  ba r  a r e  shown i n  Figure 6.1-9. 

Forces and displacements i n  the  l o c a l  coordinate systems a re  r e l a t ed  i n  mat,rix 

form by: 

I n  Equation (6-11, [K] i s  the  matrix of s t i f f n e s s  coef f ic ien ts ;  

matrix of applied forces  a t  the  j o i n t s ,  and i s  the  column matrix of j o i n t  

displacements. Application of Maxwell's Reciprocal Law allows formulation of 

a symmetric s t i f f n e s s  matrix when an orthogonal coordinate system i s  employed. 

The element s t i f f n e s s  matrix f o r  a general  bar i s  given i n  Figure 6.1-10. 

Terms i n  t h i s  matrix a r e  the  s t i f f n e s s  coe f f l c i en t s  given i n  Figure 6.1-9. 

{ F ]  i s  a column 

L 

If it i s  desired t o  include the  e f f e c t s  of shearing s t r a i n  on elemental 

beam def lec t ion ,  t h e  program u t i l i z e s  the  elemental s t i f f n e s s  matrix given i n  

Figure 6.1-11. Input shear form f a c t o r s  5 and 5 a r e  determined by dividing 

t h e  t o t a l  cross sec t lona l  area of t h e  bar  by the  e f f ec t ive  shear web area. The 

shear web area  used i n  determining % should be the  web area  e f f ec t ive  i n  

carrying shear i n  the  l o c a l  

5 i s  determined based on e f f ec t ive  web area f o r  shear i n  the  z 

A n  example ca lcu la t ion  of shear form fac to r s  % and 5 i s  given i n  Figure 6.1-12. 

d i rec t ion  (bending zbout the  z a x i s ) ,  while 

d i rec t ion .  
e 
1 

Both ends of a member may be pinned (allowed t o  f r e e l y  r o t a t e )  i n  a given 

d i r ec t ion  by s e t t i n g  t h e  appropriate moment of i n e r t i a  equal t o  zero. If  it 
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FORCE - DISPLACEMEN ORGENERAL BAR 

E A  F =- 
l P  1 

6 E I N  
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M 6 p =  - 
l2 

e3 
1 2 E l N  

F2, = - 

6 E I T  
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e3 
1 2 E I T  
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GJ 
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12EIN 
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e3 

6 E I T  
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e2 
1 2 E I T  

F 3 q =  - ~ 

3 

GJ - M4q - -- 
/- e 

+ 2 E I N  
M6q = - e 

6 E I N  
Fqq = -- 

Figure 6.1-9 
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ELEMENT STIFFNESS MATRIX FOR GENERAL BAR 

12EIN 12EIN 6EIN 6EIN - -- - - 
l 3  Q3 e2 e2 

12EiT 12EIT 6E I  6ElT 
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Figure 6.1-10 
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STIFFNESS FACTORS APPLIED TO ORIGINAL MATRIX 
TO ACCOUNT FOR ELEMENTAL BAR SHEAR STRAIN 
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49 



SHEARFORMFACTOR EXAMPLE CALCULATION 

A~~~~~ 

Al +A3 
KN = 

A~~~~~ 

A2 
KT = 

A1 z btl 

A2 = ht2 

A3 = btg 

A~~~~~ = A i  + A 2  + A 3  

igure 6.1-12 
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i s  des i red  t o  p in  one end of a member, while t h e  other  end renains  f ixed ,  

t h e  program u t i l i z e s  t he  terms shown i n  Figures 6,1-&3 through 6.1-16 i n  place 

of  t h e  corresponding terms i n  Figure 6.1-11. Figure used depends on the j o i n t  

) about which t h e  en4 i s  (p or q) pirlned and the bending axis (y  

allowed t o  ro t a t e .  

with respect  t o  bending abaut the y 

used i n  place of t h e  corresponding terms i n  Figure 6.1-11. 

1 Or " e  
For exmple, if it is  desired t o  pin t h e  q end of a member 

axis, terms i n  Figure 6.1-16 woulc3 be E 

To aetermine t h e  s t i f f n e s s  matriy for the completely assembled 

s t ruc tu re ,  a cqnmon (g loba l )  coordinate system f o r  a&1 s t r u c t u r a l  elements 

must be es tab l i shed  so t h a t  element forces  and displacements may be related t o  

a common frame of rerereme. 

global. coordinate system i s  defined i n  Figure 6.1-2. 

Displacement notat ion of t h e  bar element i n  

Transformation matrices are needed t o  change the frame of reference of 

each element from t h e  Local t o  t he  ,global coordinate system. 

t i o n  i s  expressed by the  l i n e a r  matrix equation: 

This transforma- 
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FACTORS IN Ks MATRIX TO ALLOW ELIMINATION 
OF ROTATIONAL RESTRAINT IN Z DIRECTION AT POINT P 

‘ l p  “ 2 p  ‘3P ‘14 ‘2q ’ 3q y 4 p  ’5P ‘6p ‘ 4 q  ‘ 5 s  “ 6 q  

c 6 P  

‘ 6 ~  
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12 E I N  /& 
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0 2 c 4 p  

0 2 c 6 p  
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0 

3 c 6 p  

igure 6.1-13 
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ORS IN Ks ~ ~ T R l ~  TO ALLOW ELIMINATION OF 
IRECTION AT POINT Q 
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Figure 6.1-14 
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MATRIX ALLOWING 
OF ROTATIONAL CTION A T  POINT P 
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igure 6.1-15 
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AlNT IN Y D ON AT POINT Q 
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igure 6.1-16 
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Where [ A 1 i s  a matrix of d i r ec t ion  cosines (cosines of angles between l o c a l  

and global. coordinate systems obtained by resolving global displacements i n  

t h e  d i rec t ion  of l o c a l  coordinates. 

Equation (6-3). 

For t h e  general  bar [ A 1 i s  given i n  

- 
A 

h =  lo 0 

0 

0 

A 
- 

0 

0 

0 

i o  
h 

0 

- 

- 
In  Equation ( 6 - 3 ) ,  A 

coordinate axes r e l a t i v e  t o  t he  global  system, as shown i n  Equation (6-4).  

is a 3 x 3 matrix of t h e  d i rec t ion  cosines of the  l o c a l  

A =  e, 
- 1:: ml 

m2 

m3 

"1 "1 "3 

The r o w  format of A corresponds t o  the  sequence of displac.ements i n  t h e  l o c a l  

coordinate system spec i f ied  for t h e  s t i f f n e s s  matrix i n  Figure 6.1-10. The 

column format of A corresponds t o  a similar sequence i n  the  global  coordinate 
- - - 

system ( i . e . ,  u , u * -  1. values of t h c  d i r ec t i sn  cosines reIat. ing 
ip 2p9 - ' *  u6, 

t he  l o c a l  coordinate system t o  t h e  global coordinate system are determined as 
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indicated in Figure 6.1-17. 

Each element stiffness matrix is transformed from the local to the global 

coordinate system by Equation (6-5) 

where [E] is the element stiffness matrix transformed to global coordinate 
system and [AIT is the transpose of transformation matrix [ X 1. 

The total stiffness matrix (K ) for the assembled structure (in the global A 
coordinate system) as shown in Figure 6.1-18, is generated by systematically 

addiag the transformed element stiffness matrices. Nodal points on the ideal- 

ized structure are numbered consecutively from 1 to n 

K is assembled with a row and column format corresponding to the three trans- 

lational followed by the three rotational degrees of freedom in the global 

system at each node in sequence. In this general case the size of the stiff- 

The stiffness matrix J' 

A 

J" ness matrix is 6n x 6n J 
6.1.4 Elastic Analysis - The assembled stiffness matrix [K ] is related A 

to the column matrices of global forces and displacements at each node by 

Equation (6-6) which represents a combination of Equation (6-1) through (6-5) 

The word "forces" in this discussion implies both forces and moments, and the 

word "displacements" implies both deflections and rotations. 

The stiffness matrix is singular - that is its determinant vanishes and 
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DIRECTION COSINES OF LOCAL COORDINATE SYSTEM 
RELATIVE TO GLOBAL COORDINATE SYSTEM 

NOTE: POINT r IS AN ARBITRARILY SELECTED POINT LYING IN THE x l -  Y& PLANE. 
I T  I S  USED TO IDENTIFY T H E  ORIENTATION OF MEMBER BENDING AXES 21 A N D  
Y e  R E L A T I V E  TO THE G L O B A L  COORDINATE SYSTEM. (IN I S  THE MOMENT OF 
INERTIA ABOUT THE Z& AXIS AND IT I S  THE MOMENT O F  INERTIA ABOUT THE Y e  AXIS.) 

Figure 6.1-17 
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ASSEMBLED STIFFNESS MATRIX FORMAT 

SYMMETRIC 

(THE ELEMENTS OF THE MATRICES OF 
INDIVIDUAL ELEMENT STIFFNESSES I N  
THE GLOBAL COORDINATE SYSTEM 
ARE SUCCESSIVELY ADDED INTO THE 
APPROPRIATE LOCATIONS IN THE 
FRAMEWORK OF THIS MATRIX. THE 
KNOWN SYMMETRY OF THE MATRIX I S  
UT IL IZED IN ITS GENERATION.) 

SYMBOLS t AND r INDICATE TRANSLATIONAL AND ROTATIONAL 
DISPLACEMENTS RESPECTIVELY. 

Figure 6.1-18 
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i t s  inverse does not ex i s t .  

t o  prevent r i g i d  body motion. 

obtained f o r  any s e t  of support conditions.  

Boundary conditions (supports)  must be defined 

Once [ K  ] has been determined a so lu t ion  can be A 

The unknown nodal displacements and support reac t ions  are normally ob- 

ta ined  by pa r t i t i on ing  Equation (6-6) according t o  t h e  loca t ion  and or ienta-  

t i o n  of supports as indicated i n  Equation (6-7). (Reference l) 

Subscripts  n and m are:  

n = number of support boundary conditions ( i . e .  

m = order of s t i f f n e s s  matrix 

This pa r t i t i on ing  r e s u l t s  i n  two s e t s  of equations: 

6, = 0 )  

Equation (6-8) 

r e l a t e s  unknown nodal displacements t o  known applied forces ,  and Equation (6-9) 

r e l a t e s  unknown support react ions t o  unknown nodal displacements. 
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The inve r se  of ma t r ix  [A]  i n  Equation (6-8) i s  t h e  f l e x i b i l i t y  ma t r ix  of 

t h e  s t r u c t u r e .  

placements i n  terms of t h e  f l e x i b i l i t y  ma t r ix  and known app l i ed  f o r c e s  as 

shown i n  Equation (640). 

Equation (6-8) may be  r e w r i t t e n  t o  g ive  unknown nodal dis-  

-1 

(6-10 ) 

The unknown r e a c t i o n s  may be obta ined  by combining Equations (6-9) and 

(6-10) as shown i n  Equation (6-11). 

(6-11 ) 

The preceding d i scuss ion  o u t l i n e s  t h e  method normally used t o  o b t a i n  nodal  

displacements  and r e a c t i o n s .  Due t o  computer core  l i m i t a t i o n s  and t h e  desire 

t o  minimize program running t i m e ,  an i t e r a t i v e  method of determining nodal 

d e f l e c t i o n s  and r e a c t i o n s ,  once t h e  s t i f f n e s s  mat r ix  w a s  e s t a b l i s h e d ,  w a s  pro- 

grammed. An i t e r a t i v e  method e l i m i n a t e s  t h e  need for matrix inve r s ion .  Se- 

l e c t i o n  of t h i s  method w a s  based on t h e  need t o  inc lude  t h e  e f f e c t s  of p l a s t i c  

a t t e n u a t o r  deformation,  as d iscussed  i n  Sec t ion  6.1.5.  

The requirement f o r  p l a s t i c  a t t e n u a t o r  deformation c a l l s  f o r  m u l t i p l e  

s o l u t i o n s  of s e t s  of equat ions  very  n e a r l y  t h e  same. These s e t s  of s imulta-  

neous equat ions  a r e  r ep resen ted  by ma t r ix  Equation (6-8), r e l a t i n g  unknown 

nodal  d e f l e c t i o n s  t o  known app l i ed  fo rces .  

handled by an i t e r a t i v e  s o l u t i o n ,  s i n c e  t h e  answers (nodal d e f l e c t i o n s )  a r e  

approximately known a f t e r  t h e  i n i t i a l  e l a s t i c  s o l u t i o n  i s  determined,  t h u s  

This  t ype  o f  problem i s  b e s t  
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minimizing computing time. Three i t e r a t i v e  techniques were programmed; 

Gauss-Siedel, Gauss-Siedel with Aitkens Delta Squared improvements, and t h e  

Overrelaxation method. Reference 2 describes these  methods. 

61.5 P l a s t i c  Support - When analyzing a footpad-attenuator space frame 

an addi t iona l  input w i l l  be the  force  causing p l a s t i c  deformation of each, 

a t tenuator  post .  I n i t i a l  so lu t ion  of the  space frame redundancy assumes only 

e l a s t i c  deformation, but t h e  magnitude of t he  at tenuator  forces  are compared 

w i t h  t h e  input force  cut-offs t o  a sce r t a in  i f  p l a s t i c  deformation has occurred. 

Those at tenuator  posts  for which t h e  i n i t i a l  force ( reac t ion)  exceeds the  

cut-off a re  then allowed t o  crush and the  forces  at these pos ts  a r e  s e t  equal 

t o  t h e  input cut-off values.  

matr ix  of def lec t ions  and fo rces )  a r e  then employed with the  s t i f f n e s s  matrix 

t o  obtain a new solut ion.  The at tenuator  forces  at the  remaining pos ts  a r e  

again compared and i f  they exceed t h e  l i m i t s ,  t h e  process i s  repeated u n t i l  

equilibrium i s  achieved. 

The new s e t  of boundary conditions (new column 

An upper (pos i t i ve )  and lower (negat ive)  l i m i t  can be set on t h e  magnitude 

of any force or moment. Cables can be idea l ized  by making one of t h e  l i m i t s  

zero, allowing t h e  cable t o  carry only tension and no compression. Determin- 

a t ion  of the  proper l i m i t  ( pos i t i ve  or negative) t o  use on a p a r t i c u l a r  force 

depends on whether the desired l i m i t  i s  i n  t h e  pos i t ive  o r  negative global  

coordinate d i rec t ion .  If a desired tension force  i n  a cable r e s u l t s  i n  a 

force i n  t h e  pos i t i ve  global  d i r ec t ion ,  t h e  lower (negat ive)  l i m i t  i s  s e t  equal 

t o  zero. If t h e  desired tens ion  force  i s  i n  t h e  negative global  d i r ec t ion ,  the  

upper (pos i t i ve )  l i m i t  i s  set equal t o  zero. 

After  t h e  nodal displacements have been determined using t h e  i t e r a t i o n  
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procedure, t he  unknown support react ions a re  obtained by subs t i t u t ion  of these  

nodal displacements i n t o  matrix Equation (6-9). 

coordinate system are found by transforming t h e  nodal displacements i n t o  t h e  

l o c a l  coordinate system using Equation (6-2) and applying t h e  appropriate 

force-displacement re la t ionships  using Equation (6-1). 

Forces on elements i n  t h e  l o c a l  

The program a l so  has t h e  capab i l i t y  of solving problems wherein t h e  nodal 

displacements a r e  known, such as i n  problems where some supports s e t t l e .  Com- 

b ina t ions  o f  known applied forces  and known nodal displacements may be input ,  

and a l l  forces  and displacements w i l l  be determined. The boundary conditions 

imposed on t h e  problem must be su f f i c i en t  t o  prevent r i g i d  body motion. Par- 

t i t i o n i n g  of Equation (6-7) f o r  t h i s  case r e s u l t s  i n  Equation (6-12) r e l a t i n g  

unknown nodal displacements t o  known applied forces  and known nodal displace- 

ments; and i n  Equation (6-13) which r e l a t e s  unknown forces  and reac t ions  t o  

t h e  now known (determined i n  Equation (6-12 ) ) nodal displacements. Subscript 

n f o r  t h i s  case implies e i t h e r  zero or non-zero known boundary conditions.  

(6-12) 
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This so lu t ion  i s  simply a more general  case of the  i n i t i a l  pa r t i t i on ing  

(Equation (6-8) and ( 6 - 9 ) ) ,  where t h e  only known nodal displacements were 

zero and terms involving 6, were therefore  n o t  inc:u:1eci, 

6.1.6 Modal Analysis - The frequencies and mode shapes f o r  t he  f ree-  

f r ee  footpad s t ruc tu re  a re  determined once t h e  footpad’s unrestrained s t i f f -  

ness matr ix  (Section 6.1- 3) has been obtained. 

formed i n  the  opt ional  Modal Analysis Routine of t h e  S t ruc tura l  Analysis Pro- 

gram. 

This modal analysis  i s  per- 

Free v ibra t ions  of the  footpad s t ruc tu re  a re  defined by Equation (6-14) 

where 

[MI = mass matrix of t h e  footpad. 

[K] = s t i f f n e s s  matrix of the  footpad. 

jail, Iq] = accelerat ions and displacements describing 
t h e  motion of  the  cont ro l  points  throughcut 
t he  footpad. 

s = space coordinates i n  the  footpad. 

t . = time 

The above representat ion of t he  footpad’s s t i f f n e s s  and i n e r t i a  character-  

i s t i c s  a re  input da t a  f o r  t he  Modal Analysis Routine port ion of t h e  S t ruc tu ra l  

Analysis Program. This program appl ies  an eigenvalue rout ine  t o  t h e  system and 

obtains  t h e  v ibra tory  free-free mode shapes and corresponding frequencies.  

The la rge  order footpad s t i f f n e s s  matrix r e s u l t s  i n  an eigenvalue prob- 

l e m  which i s  too l a rge  t o  solve p rac t i ca l ly .  The computer run time required 

t o  obtain the  frequencies and mode shapes would be qui te  la rge .  In  addi t ion,  
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the eigenvalue problem would be too large to handle within the allotted com- 

puter core storage requirements, For these reasons, the size of the foot- 

pad's structural stiffness matrix is reduced before solving the eigenvalue 

problem. This reduction technique is discussed in Reference (3). 

In the reduction procedure, a number o f  degrees of freedom, correspond- 

ing to various displacements and rotations at the footpad joints, are removed, 

To remove these, it is assumed that the forces and moments associated with 

these degrees of freedom are zero. This results in the following: 

K l l  ! K12 [ K 2 1  i :  : K22 
= .......... ..... 41 

4 2  
.... (6-15 1 

where 

K11, K12,K21, K22 

q 1  

= segments of total footpad stiffness matrix. 

= degrees of freedom on which forces and moments 
( P I S )  exist. 

q 2  = degrees of freedom on which no forces and 
moments exist. 

In the above, the total stiffness matrix has been reordered such that the 

elements associated with the degrees of freedom to be retained appear first. 

Equation (6-15) is equivalent to the two following expressions 

(01 = [Mall lq11 t 

Solving the second of these for ( q 2 )  gives 

(6-18) 
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S u b s t i t u t i n g  t h i s  i n t o  Equation (6-16) r e s u l t s  i n  t h e  reduced form 

lP l=  

from which t h e  reduced s t i f f n e s s  ma t r ix ,  [K*],  i s  def ined  as 

The eigenvalue problem a s s o c i a t e d  wi th  t h e  reduced system i s  

(6-19) 

(6-20) 

(6-21) 

where [M*] i s  a d iagonal  mass ma t r ix  whose elements a r e  a s soc ia t ed  wi th  t h e  

footpad degrees  of freedom t h a t  are r e t a i n e d .  Frequencies and mode shapes of 

t h e  t o t a l  e l a s t i c  footpad s t r u c t u r e  a r e  obta ined  us ing  Equations (6-18) and 

(6-21). Reference (4) summarizes t h e  Householder-Ortega-Wilkinson Method used 

t o  determine mode shapes and n a t u r a l  f requencies .  An example of t he  use  of 

t h i s  r o u t i n e  i s  given i n  Sec t ion  6.3.3. 

6.2 PROGRAM DESCRIPTION - C a p a b i l i t i e s  and organ iza t ion  of t h e  Struc-  

t u r a l  Analysis  Program a r e  descr ibed  i n  t h i s  s e c t i o n .  

6.2.1 Program C a p a b i l i t i e s  - The S t r u c t u r a l  Analysis Program i s  a 

gene ra l  purpose computer program f o r  s o l u t i o n  of  redundant s t r u c t u r e s  based 

on t h e  f i n i t e  element s t i f f n e s s  method and u t i l i z i n g  i t e r a t i v e  methods of 

s o l u t i o n .  

and d e f l e c t i o n  p a t t e r n s  f o r  any system of f o r c e s  or d e f l e c t i o n s  impressed on 

The program can determine i n t e r n a l  and e x t e r n a l  l oad  d i s t r i b u t i o n s  

an e l a s t i c  network of s t r u c t u r a l  b a r  members. P l a s t i c  behavior  of support  

s t r u c t u r e  can be s imulated wi th  t h e  program, al lowing a n a l y s i s  of t h e  p l a t -  

form l a n d e r  c rushable  a t t e n u g t i o n  system. The program a l s o  al lows s imula t ion  
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of cables ,  o r  any s t r u c t u r a l  member with r e s t r i c t e d  load carrying capabi l i ty  

i n  c e r t a i n  d i rec t ions .  

using t h i s  program. 

t h e  Landing Loads and Motions Program t o  permit simulation of t h e  e f f e c t s  o f  

a f l e x i b l e  footpad i n  t h a t  program. A rout ine i s  incorporated i n  the  Struc- 

t u r a l  Analysis Program, allowing reduction i n  t h e  s i z e  of t h e  s t i f f n e s s  matrix 

f o r  l a rge  s t ruc tu res ,  and thus  permitt ing a reduction i n  t he  required com- 

put e r  time . 

Mode shapes and na tu ra l  frequencies may be obtained 

Footpad mode shapes and na tu ra l  frequencies a r e  needed i n  

The i t e r a t i v e  method programmed f o r  so lu t ion  of nodal def lec t ions  w a s  

se lec ted  t o  minimize computer time when u t i l i z i n g  t h e  p l a s t i c  support option 

of t h e  program. 

design problem, s ince  accuracy requirements can be specif ied.  

It a l s o  permits minimization of computer time fo r  a preliminary 

The s t ruc tu re  i s  idea l ized  as a network of s t r a i g h t  bar m e m b e r s ,  each of 

which i s  capable of carrying axial load ,  shear i n  two d i rec t ions ,  bending i n  

two d i rec t ions ,  and tors ion .  B a r  p roper t ies  a re  assumed t o  be constant between 

nodes (symmetry about one of t he  pr inc ipa l  axes i s  assumed). The bar  x ax is  

is assumed t o  pass through the centroidal  ax i s  and t h e  bending neut ra l  axes 

a re  assumed t o  a l ign  with cent ro ida l  axes. Torsional shear center  of t he  bar 

i s  assumed t o  be on the  bar x ax is .  

e 

1 
St ruc tu ra l  i dea l i za t ion  of shear webs are accomplished using either two 

diagonal bars  capable of carrying only ax ia l  load o r  four bars  capable of 

t ransmi t t ing  only shear  t o  t h e  adjoining caps. (Figures 6.1-7 and 6.1-8). 

Cables may be idea l ized  by placing a lower r e s t r a i n t  of zero on t h e  a x i a l  

load carrying capab i l i t y ,  thus exercis ing t h e  p l a s t i c  ana lys i s  program logic  

t o  prevent t he  cable from carrying compression loads.  
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P l a s t i c  behavior of support s t ruc tu re  , such as crushable a t tenuators ,  

may be simulated by input t ing  t h e  force  causing p l a s t i c  deformation of each 

support member. 

force  o r  moment being constrained. These idea l iza t ions  are discussed i n  

Section 6.1.2 a lso .  

An upper and lower l i m i t  must be input on the  p a r t i c u l a r  

The program i s  based on s m a l l  def lec t ion  theory with Hooke's Law apply- 

ing,  except with regard t o  the p l a s t i c  support option of t h e  program. Buckling 

of members i s  not considered, and coupling e f f e c t s ,  such as occur with beam 

columns, are neglected. B a r s  are assumed t o  be r i g i d l y  connected t o  each 

o ther ,  unless  otherwise specif ied.  B a r s  pinned a t  both ends may be simulated 

by s e t t i n g  t h e  appropriate  moment of i n e r t i a  equal t o  zero. 

one end and f ixed  at t h e  other  require  use of spec ia l  ind ica tors  discussed i n  

Section 6.3.1. 

global  coordinates.  

Bars pinned a t  

Loads are applied t o  t h e  j o i n t s  as concentrated forces  i n  

Computer core l imi t a t ions  necess i ta ted  the  following program r e s t r i c t i o n s :  

74 j o i n t s  maximum w i t h  s i x  degrees of freedom at  each j o i n t ,  or  a maximum 

assembled s t i f f n e s s  matrix 444 by 444; 7h bars maximum; 26 reference points  

maximum; 300 maximum support cont ra in ts ;  88 max imum p l a s t i c  force cons t ra in ts  

(88 upper and 88 lower l i m i t s ) ;  and 88 maximum nonzero input def lect ions.  

shapes and na tura l  frequencies can be determined f o r  a maximum assembled 

s t i f f n e s s  matrix s i z e  of 102 by 102 (17 j o i n t s  w i t h  6 degrees of freedom o r  

a g rea t e r  number of j o i n t s  with fewer degrees of freedom). 

allows considerat ion of t he  e f f e c t s  of a l a r g e r ,  more complex s t ruc tu re ,  s ince  

t h i s  l a rge  s t i f f n e s s  matrix (444 x 444 maximum) may be reduced t o  the  allow- 

able s i z e  (102 by 102) by se l ec t ive ly  eliminating degrees of freedom. 

Mode 

A reduction rout ine  

The 
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program u t i l i z e s  t h e  mode shapes of the  reduced system t o  generate mode shapes 

f o r  a l l  degrees of freedom of t h e  o r ig ina l  l a rge  s t i f f n e s s  matrix. The five 

lowest na tu ra l  frequencies and associated mode shapes can be obtained f o r  any 

s t ruc tu re  with free-free support. 

6.2.2 Subroutines - "he S t ruc tu ra l  Analysis Program i s  divided i n t o  

f i v e  OVERLAY segments. Each segment consis ts  of an executive rout ine  which 

c a l l s  a number of subroutines.  OVERLAY organization and descr ipt ion of t h e  

function of each subroutine are shown i n  Figure 6.2-1. 

required t o  s t a y  within the  a l l o t t e d  core storage requirements. 

This organization i s  

6.2.3 Flow Diagram - The S t ruc tu ra l  Analysis Program i s  shown schemat- 

i c a l l y  i n  Figure 6.2-2. While d e t a i l  s teps ,  such as those required i n  t h e  

i t e r a t i o n  loop, are not presented, t h e  bas ic  sequence of events i s  shown f o r  

e l a s t i c ,  p l a s t i c ,  and modal analyses. A l i s t i n g  of t h e  program i s  given i n  

Appendix F. 

6.3 PROGRAM OPERATION - Information necessary t o  operate t h e  S t ruc tura l  

Analysis Program i s  contained i n  t h i s  sect ion.  This includes de f in i t i on  of 

input requirements and format, and output i n t e rp re t a t ion .  Examples of input 

and output da ta  f o r  a t y p i c a l  problem are  contained i n  Appendix A and B. 

6.3.1 Input Data - Input data  format u t i l i z e s  a code system, located i n  

column 1 on the  da t a  cards ,  t o  i d e n t i f y  t h e  type of da ta  being read. The 

eight  code numbers and corresponding type of information being input are:  

(1) J o i n t  information cards 
( 2 )  Reference point  information cards 
( 3 )  
( 4 )  Specified force  vector  cards  
( 5 )  Specified moment vector  cards 
( 6 )  Bar information cards 
( 7 )  Data terminator card 
( 0 )  Comment cards 

Force and moment l i m i t s  o r  spec i f ied  displacement and ro t a t ion  cards 
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SUBROUTINE 

MAIN 

E R P N T l  

E R P N T 2  

WRSTRK 

I N I T I A L  

DATSET 

RDDATA 

S T I F F  

SETSTF 

S T F T R N  

TRASMK 

STORSM 

WRBDAT 

BRSTRA 

WRSTDK 

F I N I A L  

P A N D T K  

SOLVE 

PNTFMV 

FMBARS 

N L M D A L  

REDUCE 

STFMAS 

T R l D l A  

E I G V A L  

E IGVEC 

F N A L E V  

P R N T l  

PRNTZ 

P l A 7 2 1  

FUNCTION 

PROGRAM EXECUTIVE ROUTINE 

ERROR PROCESSING ROUTINE FOR A L L  OVERLAYS 

SECOND ENTRY POINT TO E R P N T l  

SPARSE MATRIX  P R I N T  ROUTINE 

O V E R L A Y  1 EXECUTIVE ROUTINE 

I N I T I A L  DATA READ, SORT, AND TEST 

READ D A T A  F R O M I N P U T  F I L E S  T O C E N T R A L S T O R A G E  

O V E R L A Y  2 EXECUTIVE ROUTINE 

I N I T I A L I Z E  STRUCTURAL STIFFNESS MATRIX  STORAGE ARRAY I N  A SPARSE B L O C K E D  FORMAT. 

C A L C U L A T E  ELEMENT STIFFNESS AND TRANSFORMATION MATRICES 

TRANSFORM E L E M E N T  STIFFNESS MATRICES FROM L O C A L  TO G L O B A L  COORDINATE SYSTEM 

CONSTRUCT ASSEMBLED STIFFNESS MATRIX  

P R I N T  ELEMENT STIFFNESS A N D  TRANSFORMATION MATRICES. 

SECOND ENTRY POINT TO WRBDAT, PRINTS TRANSFORMED ELEMENT STIFFNESS MATRICES 

WRITE ELEMENT STIFFNESS AND TRANSFORMATION MATRICES ON F I L E  9 

O V E R L A Y  3 EXECUTIVE ROUTINE 

P R I N T  AND STORE ON F I L E  9 T H E  ASSEMBLED STIFFNESS MATRIX.  SET-UP FOR SOLUTION. 

DISPLACEMENTS AND ROTATIONS DETERMINED USING ITERATIVE METHOD. GLOBAL FORCES ' 
MOMENTS ON JOINTS C A L C U L A T E D  

P R I N T  DISPLACEMENTS, ROTATIONS, AND GLOBAL FORCES AND MOMENTS. 

___ 

ELEMENT BAR FORCES AND MOMENTS C A L C U L A T E D  USING R E S U L T S  O F  SOLVE 
__ . __ _ _  - - -__ 

O V E R L A Y  4 EXECUTIVE ROUTINE 

PRINT ASSEMBLED STIFFNESS MATRIX AND REDUCE TO DESIRED S I Z E  

REDUCED MATRIX 102 X 102 OR LESS) 

CREATES MATRIX SYSTEM, USING I N P U T  DIAGONAL MASS MATRIX AND REDUCED STIFFNESS 
MATRIX ,  FOR WHICH E lGEhVALUES CAN B E  FOUND 

MATRIX  SYSTEM IS  TRI -D IAGONALIZED USING HOUSEHOLDER'S METHOD. 

F I V E  SMALLEST E IGENVALUES O F  MATRIX SYSTEM A R E  C A L C U L A T E D  USING ORETEGA'S 
METHOD. (PLUS SIX RIGID BODY N A T U R A L  FREQUENCIES O F  ZERO) 

C A L C U L A T E S  EIGENVECTORS ASSOCIATED WITH F I V E  LOWEST E IGENVALUES USING WILKINSON'S 
M t T H O D  

EIGENVECTORS O F  REDUCED SYSTEM TRANSFORMED INTO EIGENVECTORS O F  F U L L  SYSTEM. 

M O D A L D A T A O U T P U T  ROUTINE FOR REDUCEDSYSTEM 

SECOND ENTRY POINT O F  P R N T l  TO OUTPUT MODAL D A T A  O F  F U L L  SYSTEM 

P R I N T  SUPPORT ROUTINE FOR P R N T l  AND PRNTZ 

Figure 6.2-1 
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I INPUT / NODE COORDINATES - GCS 
ELEMENT LOCATION AND ORIENTATION 
ELEMENT STIFFNESS DATA 

@ APPLIED LOADS AN0 ATTENUATOR 
PLASTIC CRUSH FORCES 8 DESIRED ACCURACY 

SUPPORT RESTRAINTS 

* DIAGONAL MASS MATRIX 
* DEGREES OF FREEDOM TO BE ELIMINATED 

GENERATE TRANSFORMATION MATRICES I X I  
LCS TO GCS 

GENERATE ELEMEKT STIFFNESS MATRICES 

I K I  

TRANSFORM K IN LCS TO k IN GCS 

GENERATE ASSEMBLED STIFFNESS MATRIX 

TRANSFORM GLOBALTO 
LOCAL DEFLECTIONS 

CALCULATE ELEMENT 
FORCES 

OUTPUT 
NODAL DEFLECTIONS 
SUPPORT REACTIONS 
ELEMENT FORCES 

igure 6.2-2 

0 REQUIRED ONLY FOR STRUCTURAL ANALYSIS 
* REQUIRED ONLY FOR MODAL ANALYSIS 

USING ORTEGA'S METHOD 
( 6  RIGID BODY AND 5 ELASTIC MODES) 

CALCULATE EIGENVECTORS ASSOCIATED 
WITH 5 ELASTIC MODES USING 
WlLKlNSONS METHOD (REDUCED SYSTEM) . 

I I CALCULATE EIGENVECTORS OF FULL 
SYSTEM 

OUTPLIT 

5 LOWEST NATURAL FREQUENCIES 

ASSOCIATED MODE SHAPES 
(ELASTIC MODE)) 

(REDUCED AN0 FULL  SYSTEMS) 1 

LCS - LOCAL COORDINATE 
SYSTEM 

GCS - GLOBAL COORDINATE 
SYSTEM 
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A NAMELIST system of input i s  used t o  control  output options,  i t e r a t i o n  method 

used, modal ana lys i s ,  program termination, and tape options. 

6.3.1.1 Jo in t  Information Cards - Jo in t  information i s  input  on data 

cards i n  which a 1 i s  placed i n  column 1. Location of j o i n t  da t a  i n  t h e  f i e l d s  

of the  card i s  ind ica ted  i n  Figure 6.3-1. 

( r i g h t  j u s t i f i e d  i n  columns 2 through 5 )  from 1 through the  t o t a l  number of 

j o i n t s  (max imum of 74) a 

hand orthogonal coordinate system (See Figure 6.1-2). 

p lanar ,  it w i l l  be simpler t o  choose a global  coordinate system such tha t  two 

of the axes l i e  i n  t h e  plane of the  s t ruc ture .  Advantage should be taken of 

any s t r u c t u r a l  symmetry which may e x i s t  i n  s e l ec t ing  global  axes. 

Jo in ts  must be numbered sequent ia l ly  

The global  coordinates,  j ? ,  7 , and 2 9  m a y  be any r i g h t  

If the  s t ruc tu re  i s  

S i x  data  f i e l d s  loca ted  between columns 36 and 53 a re  used t o  ind ica te  

various cons t ra in ts  at  a p a r t i c u l a r  j o i n t ,  These constraints  may be combi- 

nations of spec i f ied  displacements (global  def lect ions and/or ro t a t ions )  and 

p l a s t i c  loads (g loba l  forces and/or moments) at a j o i n t .  

columns blank causes t h e  program t o  assume tha t  there  are  no displacement 

cons t ra in ts  a t  a j o i n t ;  however, there  are applied loads a t  t he  j o i n t .  These 

appl ied loads a re  discussed i n  the  next paragraph. Constraints a re  defined 

by in se r t ing  nonzero in teger  ident i fy ing  ind ica tors  ( r i g h t  j u s t i f i e d )  i n  

the  f i e l d s  of t h i s  region. The absolute value of these  ident i fy ing  indi-  

cators  corresponds t o  the  l i m i t  number on the  code 3 da t a  card (columns 2 

through 5 )  def ining t h e  magnitudes of the p a r t i c u l a r  cons t ra in t .  h e n  

pos i t i ve  ident i fy ing  ind ica tors  are used, t he  program assumes upper and lower 

limits on the  appropriate p l a s t i c  loads and displacements as defined on the  

r e l a t e d  code 3 data card. For negative ident i fy ing  ind ica to r s ,  t h e  program 

Leaving these  
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assumes t h a t  no r e s t r a i n t s  a re  placed on the  loads,  but t h e  displacements 

are  spec i f ied  on the  r e l a t ed  code 3 data card. The same code 3 data card 

may be used t o  define iden t i ca l  cons t ra in ts  at a number of j o i n t s .  The 

m a x i m u m  number of p l a s t i c  loads and displacements i s  88. 

Applied forces  a re  ind ica ted  by placing a separate  s e t  of in teger  

ident i fy ing  ind ica tors  i n  columns 54 through 57 ( r i g h t  j u s t i f i e d ) .  

gram looks f o r  t he  th ree  global  components of force on cards with code number 

4 i n  column 1, and t h e  corresponding ident i fy ing  ind ica tor  i n  columns 2 

through 5. Ident i fy ing  ind ica tors  must be sequent ia l  w i t h  a max imum of 74. 

Applied moments are numbered separa te ly ,  with t h i s  s e t  of ident i fy ing  indi-  

cators  being placed i n  columns 58 through 61, and the  corresponding moment 

magnitude ( th ree  global  components) being loca ted  on cards w i t h  a 5 i n  column 

1. 

ident i fy ing  ind ica tors  i s  zero (or blank) ,  the  appropriate applied load i s  

zero and no corresponding code 4 or 5 data card i s  required. 

and/or ro ta t ions  have already been res t ra ined  i n  spec i f i c  d i rec t ions  

and/or moments may not be applied i n  these  same d i rec t ions .  

The pro- 

A t o t a l  of 74 ident i fy ing  ind ica tors  may be used. If e i t h e r  of these 

I f  displacements 

forces  

6.3,1.2 Reference Point Information Cards - A code number 2 i n  column 1 

indica tes  t h e  da t a  represents  global  coordinates and ident i fy ing  j o i n t  number 

of a reference point .  Reference points  are  provided t o  permit or ien ta t ion  of 

bar  l o c a l  coordinate (bending) axes where s t r u c t u r a l  j o in t s  w i l l  not su f f i ce .  

Numbering of these  reference points  begins with one g rea t e r  than t h e  number 

of j o i n t s  and i s  sequent ia l  through the  t o t a l  number of reference points .  

For example i f  t he re  are  36 s t r u c t u r a l  j o i n t s ,  t h e  f i r s t  reference point  must 

be number 37. 
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6.3.1.3 Force and Moment L i m i t  Cards - A 3 i n  column 1 indica tes  data 

on the  card i s  e i ther  a known displacement o r  ro t a t ion  (columns 26 through 

351, o r  upper and lower p l a s t i c  force o r  moment cons t ra in ts  (columns 6 through 

15 for a.n upper bound and 16  through 25 f o r  a lower bound). 

ident i fy ing  number ( l i m i t  number) i n  columns 2 through 5 corresponds t o  an 

ident i fy ing  ind ica tor  o r  indicators  on code 1 data cards 

These l i m i t  numbers must be sequent ia l  i n  order.  

i nd ica to r  on the  code 1 data  card determines what data are being read: 

a p l a s t i c  force cons t ra in t  and known displacement (pos i t i ve  s ign)  o r  known 

displacement (negative s i g n ) .  

simulating a conventional support. I f  the force i s  t o  be l imi ted  i n  the  

pos i t i ve  global d i rec t ion ,  use the  upper l i m i t .  A lower l i m i t  ind ica tes  a 

cons t ra in t  on t h e  force i n  t h e  negative global d i rec t ion .  

The in teger  

previously discussed. 

The sign of t h e  i d e n t i e i n g  

The known displacement may be nonzero o r  zero,  

6.3.1.4 Specif ied Force Vector Cards - Applied forces at  a j o i n t  are 

input as three  o r  l e s s  global  force components on cards with a 4 i n  column 1. 

The ident i fy ing  number ( force  number), r i gh t  j u s t i f i e d  i n  columns 2 through 5 ,  

corresponds t o  an ident i fy ing  ind ica to r  on code 1 data  cards thereby defining 

the j o i n t  o r  j o i n t s  where forces w i l l  be applied. 

6.3.1.5 Specif ied Moment Vector Cards - Applied moments a t  a j o i n t  

a r e  input as three  o r  l e s s  global  moment components on cards w i t h  a 5 i n  

column 1. 

2 through 5,  corresponds t o  an ident i fy ing  ind ica to r  on code 1 da ta  cards 

t o  define t h e  j o i n t  o r  j o i n t s  where t h e  moments w i l l  be applied. 

The ident i fy ing  number (moment number), r i g h t  j u s t i f i e d  i n  columns 

6.3.1.6 B a r  Information Cards - A card with a 6 i n  column 1 indica tes  

bar  da ta  are being input .  Bar  number i s  entered i n  columns 2 through 5, 
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r igh t  jus t i f ied ,  w i t h  numbering being sequent ia l  from one through the  t o t a l  

number of bars (74 maximum) 

d i rec t ion  of t h e  y 

system (Figure 6*1-1)> a re  determined by specifying j o i n t  numbers i n  t he  

appropriate loca t ions  i n  columns 6 through 14 ( a l l  r igh t  j u s t i f i e d ) .  

reference poin t  may be used f o r  point  "R", but points  "P" and "Q" must be 

nodes ( j o i n t s )  on t h e  s t ruc ture .  Point "R" m u s t  not be on the  l i n e  "PQ" 

or  i t s  extension. 

Bar or ig in  (point  "P") , end (poin t  "Q") , and 

bending ax is  (point  "R"), loca t ing  t h e  bar l o c a l  coordinate 

A 

B a r  cross sec t iona l  a rea  perpendicular t o  t h e  "PQ" (x ) a x i s ,  A ;  moment 

ax is ,  IT; 

e 
of i n e r t i a  about t h e  z j  ax i s ,  IN; moment of i n e r t i a  about t h e  y 

and to r s iona l  constant,  J ,  a r e  entered i n  the  appropriate columns as indicated 

i n  Figure 6.3-2. Members pinned at both ends f o r  bending about the  z axis 

can be simulated by making t h e  moment of i n e r t i a -  IN equal t o  zero 

making IT equal t o  zero simulates a member pinned at  both ends for bending 

about the  y axis .  If A i s  set equal t o  zero,  no ax ia l  load w i l l  be car r ied  

by t h e  member, and s e t t i n g  J = 0 prevents the member from carrying tors ion .  

Any combination of these m a y  be u t i l i z e d .  Modulus of e l a s t i c i t y ,  E ,  and 

shear modulus, G ,  f o r  t h e  bar mater ia l  a re  entered i n  columns 53 through 

61 and 62 through 70 respect ively.  If E-format i s  used it must be r igh t  

j u s t i f i e d .  

Q 

e 
Similar ly  

B 

Caution must be exercised when using pinned members o r  members with 

A, IT, IN, o r  J equal t o  zero,  because a j o i n t  may be l e f t  with no load carrying 

capabi l i ty  i n  one of  t h e  th ree  global  d i rec t ions  or with no ro t a t iona l  re- 

s t r a i n t  about one of t he  th ree  global  axes. An example of t h i s  would be two 
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bars  i n  t h e  same plane pinned together.  

must be placed on t h e  j o i n t  i n  the global  d i rec t ion  i n  which the re  i s  no 

load carrying capabi l i ty ,  even though there  w i l l  be no force induced i n  t h i s  

support d i rec t ion .  Th i s  i n s t ruc t ion  is  input on code 1 data  cards. The 

program w i l l  automatically r e j e c t  any problem i n  which load carrying capabi l i ty  

( t r a n s l a t i o n a l  o r  ro t a t iona l )  does not e x i s t  at  any jo in t .  

An a r t i f i c i a l  r e s t r a i n t  (support)  

The program has the  a b i l i t y  t o  account f o r  the e f f e c t  of bar shear  s t r a i n  

on bending def lect ions.  If a zero (blank) i s  placed i n  column 15, shear 

s t r a i n  i s  not accounted fo r .  

the  values of  shear  web a rea  

of shear  s t r a i n .  The f ac to r  

t he  shear web area e f f ec t ive  

E;T i s  t h e  t o t a l  area divided 

A 1 i n  column 1 5  causes the  program t o  read 

f ac to r s ,  qT and K,, and account f o r  t h e  e f f e c t  

shear  i n  the  z d i rec t ion  ( see  

The program can a l so  model 
L 

a t  

If 

o r  

t h e  o ther ,  To 

t h e  ro t a t iona l  

2 i s  placed i n  

ind ica t e s  the  "Q" 

exercise  t h i s  

re lease  i s  t o  

column 16. A 

I1 I 

i s  the  t o t a l  cross  sec t iona l  area divided by 

carrying shear i n  the  Yj 

the  shear  web area  e f f ec t ive  i n  carrying 

Figure 6 -1-12). 

a bar  pinned at  one end and r i g i d l y  at tached 

option a zero must be placed i n  column 15 .  

be f o r  bending about the y axis  (I~), a 1 

1 indica tes  t h e  "P" end i s  pinned while a 2 

d i r ec t ion ,  while 

end i s  pinned. The same number code (1 - "P" end pinned, 

2 - 11 11 

bending about t h e  z e  axis  (IN)" 

cases w i l l  be automatically u t i l i z e d .  

Q end pinned) i s  ,used i n  column 17 i f  t h e  ro t a t iona l  re lease  i s  f o r  

Values in se r t ed  f o r  % and % f o r  these 

6 3.1.7 Comment and Data Terminator Cards - After  a l l  da ta  needed on 

code 1 through 6 da ta  cards a r e  complete, comment cards may be added. 
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Comment cards m a y  be used t o  specify information such as case number, problem 

name, e t c .  f o r  ease i n  ident i fy ing  t h e  computer run. A zero i n  column 1 

indica tes  the card i s  a comment card. A data terminator card,  i d e n t i f i e d  by 

a number 7 i n  column 1, m u s t  be added following t h e  comment cards. The 

da ta  terminator card may also carry any desired comments. 

Following t h e  previously described input data, a NAMELIST system of 

input indicated by $INDATA i s  used t o  define option ind ica tor  cards f o r  

s e l ec t ion  of output options , i t e r a t i o n  method, modal analysis  rou t ine ,  program 

termination, and tape options.  

used. Data option ind ica tors  and t h e i r  nominal and opt ional  values are 

defined i n  Figure 6.3-3. 

items, $INDATA i s  entered i n  columns 2 through 8, and t h e  rest of the card 

l e f t  blank. 

the  nominal control  i s  overridden, as i n  t h i s  case where the  Overrelaxation 

Method would. be u t i l i z e d .  

Figure 6.3-2 presents  t he  card format t o  be 

If nominal values are acceptable f o r  all NAMELIST 

By l i s t i n g  one of  the  option data ind ica tors ,  such as INDRIX = 1, 

The ERRTOL cont ro l  i s  important, s ince it a f fec t s  computer time. The 

value spec i f ied ,  mult ipl ied by 100, i s  the  m a x i m u m  acceptable e r r o r  f o r  any 

of t h e  def lect ions.  The program w i l l  run unti l  it achieves t h i s  accuracy o r  

exceeds t h e  max imum number of i t e r a t i o n s  ( I N D I T R ) .  

cent  (ERRTOL = .001) should be acceptable f o r  many problems, with as much 

as 5 percent (ERRTOL = . O S )  acceptable fo r  preliminary design. Error f o r  

nodal def lec t ion  and ro t a t ion  so lu t ions  i s  determined by taking t h e  difference 

i n  given so lu t ion  values f o r  two successive i t e r a t i o n s  and dividing by the  

l a s t  value of t h e  solut ion.  This process i s  continuous f o r  a l l  def lec t ion  

A n  accuracy of 0 . 1  per- 
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and ro t a t ion  so lu t ions ,  with program termination occuring when desired 

accuracy is  reached o r  when t h e  spec i f ied  m a x i m u m  number of i t e r a t i o n s  i s  

exceeded. 

points  (de f l ec t ions )  on succeeding i t e r a t i o n s .  Also the program conservatively 

uses max imum r a t h e r  than average e r ro r .  It 'has been found t h a t  s m a l l  o sc i l -  

l a t i o n s  about zero values of ten  gives the  ind ica t ion  of a la rge  e r r o r ,  while 

i n  ac tua l i t y  the  so lu t ions  are acceptable even at  t h i s  po in t .  However, 

program i t e r a t i o n  w i l l  continue u n t i l  t h e  acceptable e r r o r  i s  achieved. 

It should be noted t h a t  t h e  maximum e r r o r  may occur a t  d i f f e ren t  

An i n i t i a l  s e t  of nodal def lec t ions  may be input using the  ind ica tor  

SOLVEC. This option allows t h e  program t o  start with these values for de- 

f l ec t ions  and achieve convergence more rapidly.  This option i s  a l s o  useful 

i f  minor changes a re  made i n  a s t ruc tu re  after an i n i t i a l  so lu t ion  has been 

obtained. 

The maximum number of i t e r a t i o n s  allowed, nominally three  times the  

number of rows i n  the  s t i f f n e s s  matrix,  should be se lec ted  based on t h e  s i z e  

and s p a r s i t y  of t h e  s t i f f h e s s  matrix and desired length of computer run time. 

The nominal i t e r a t i o n  method used i s  t h e  Gauss-Siedel with Aitkens Delta 

Squared Improvements. If INDRLX i s  set equal t o  1, the  Overrelaxation Method 

i s  employed and a value of RELAXF ( the  relaxat ion f a c t o r )  between 1 and 2 

should then  be input.  A nominal value of  1 .0  i s  s e t  i n  t he  program, which 

i s  equivalent t o  a standard Gauss-Siedel so lu t ion  (without Aitkens Delta 

Squared Improvements). 

minimum machine time and rap id  convergence f o r  some problems. 

A RELAXF equal t o  1 .25 has been found t o  r e s u l t  i n  

The MINRST option i s  se lec ted  based on t h e  minimum number of r e s t r a i n t s  
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(supports)  which must exist f o r  s t a b i l i t y  (nominally s i x ) .  

less than t h i s  number of supports e x i s t ,  the  program w i l l  automatically 

terminate w i t h  an e r r o r  message. 

If  at  any time 

If it i s  desired t o  perform a normal mode ana lys i s ,  INDNMA i s  s e t  equal 

t o  1. The row numbers t o  be r e t a ined ’ in  t h e  reduced s t i f f n e s s  matrix are 

l i s t e d  i n  ascending order i n  IRWKP. Values f o r  the  diagonal mass matrix 

terms associated with t h e  degrees of freedom re ta ined  i n  the reduced s t i f f n e s s  

matrix,  are input i n  AMASS. I f  a l l  s i x  degrees of freedom at a p a r t i c u l a r  

j o i n t  a re  re ta ined ,  t he  f irst  th ree  numbers i n  AMASS would represent  t h e  

m a s s  associated w i t h  t h i s  j o i n t .  The next th ree  numbers would represent  

the m a s s  moment of  i n e r t i a  about t he  global  x, ?, and 

with t h i s  j o i n t .  If degrees of  freedom at a jo in t  a re  removed i n  t h e  reduced 

s t i f f n e s s  matrix,  the corresponding mass o r  i n e r t i a  items should not be input 

i n  AMASS. 

axes associated 
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6,3.2 - St ruc tu ra l  analysis  output includes a l l  input da ta ,  

NAMELIST ind ica tor  values used, assembled s t i f f n e s s  matrix nodal l teflections 

and ro t a t ions ,  m a x i m u m  error,, nodal forces  and moments, and member forces  

and moments. Modal analysis  output includes all input da ta ,  NAMELIST in- 

d i ca to r  values used, assembled s t i f f n e s s  matrix,  na tu ra l  frequencies $ mode 

shapes and generalized i n e r t i a  proper t ies  

A l l  input da t a  i s  p r in t ed  out i n  a block format. Class i f ica t ion  of  input 

da t a  i s  by code number i n  column.1, as described i n  Section 6.3.1. 

terms i n  t h e  assembled s t i f f n e s s  matrix axe output with row and column number 

iden t i f i ca t ion  f o r  each term. 

Nonzero 

Nodal def lect ions and ro ta t ions  a re  p r in t ed  out f o r  the  las t  two i t e r a t i o n  

s teps  t o  permit determination of where maximum e r r o r  i s  occuring (usual ly  

i n  terms approaching zero) .  Global forces  and moments ac t ing  on the  j o i n t s  

are then pr in ted  out .  When p l a s t i c  force cons t ra in ts  are v io la ted ,  the pro- 

gram p r i n t s  out t h e  e l a s t i c  so lu t ion ,  which cons t ra in ts  were v io la ted ,  and 

t h e  p l a s t i c  so lu t ion  (nodal def lect ions and ro t a t ions ,  and nodal forces  a d  

moments) 

out f o r  t he  f i n a l  so lu t ion .  The P, Q, and R j o i n t  numbers used f o r  each bar 

are a l so  l i s t e d  t o  aid i n  in t e rp re t a t ion  of t he  d i rec t ion  of these  forces 

and moments (pos i t i ve  l o c a l  s ign  convention i s  indicated i n  Figure 6.1-1). 

When employing t h e  modal m a l y s i s  opt ion,  output da ta  include: input 

Forces and moments ac t ing  on both ends of a l l  bars  are pr in ted  

data ,  s t i f f n e s s  matrix,  t h e  f i v e  lowest na tu ra l  frequencies (excluding rigid 

body modes), corresponding mode shapes (normalized) f o r  both the  reduced and 

complete systems and generalized i n e r t i a  proper t ies  (See Section 7.1,2.2) ., 
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6 .3 .3  Example of Program Operation - To i l l u s t r a t e  i n t e r p r e t i n g  in- 

s t r u c t i o n s  f o r  i npu t  and output  d a t a ,  t n b c a l  s t r u c t u r a l  and modal ana lyses  

a r e  presented .  Ouput l i s t i n g s  f o r  t h e s e  ana lyses  are i n  Appendices A and B,  

r e s p e c t i v e l y .  

The example problem used f o r  s t r u c t u r a l  a n a l y s i s  models t h e  footpad- 

a t t e n u a t o r  system and exempl i f ies  u s ing  s t r u c t u r a l  symmetry and t h e  p l a s t i c  

support  option. S t r u c t u r a l  i d e a l i z a t i o n  of t h e  footpad-a t tenuator  system w a s  

d i scussed  i n  Sec t ion  6.1.2. 

r ep resen t ing  49 members. 

The assembled s t i f f n e s s  ma t r ix  was of  o rde r  228, 

I n  Sec t ion  8.2, t h e  combined footpad and a t t e n u a t i o n  system s t r u c t u r e  i s  

analyzed t o  i l l u s t r a t e  t h e  e f f e c t s  of p l a s t i c  suppor ts .  F ive  l o a d s ,  ranging 

from 1414 pounds t o  7070 pounds, were app l i ed  t o  t h e  footpad and t h e  r e s u l t i n g  

d e f l e c t i o n s  were computed. An in t e rmed ia t e  va lue  of appli-ed load  (4240 pounds) 

i s  s e l e c t e d  he re  t o  i l l u s t r a t e  i npu t  and output  da ta .  One-half of t h i s  l o a d  

(2120 pounds) i s  a c t u a l l y  appl ied  t o  t h e  footpad because s t r u c t u r a l  symmetry 

i s  u t i l i z e d .  V e r t i c a l  and h o r i z o n t a l  components of t h i s  l o a d  a r e  each 1500 

pounds. 

Three s e t s  of s o l u t i o n s  f o r  nodal displacements  were obta ined:  t h e  i n i t i a l  

e l a s t i c  s o l u t i o n  and two p l a s t i c  s o l u t i o n s .  Examination of t h e  e l a s t i c  s o l u t i o n  

shows t h a t  t h e  p l a s t i c  l o a d  l i m i t  w a s  v i o l a t e d  a t  one a t t e n u a t o r  pos t  ( j o i n t  

22) and a t  two cab le s  ( j o i n t s  31  and 32) .  

p l a s t i c a l l y  and cable  loads  at  j o i n t s  31 and 32 were made equal  t o  zero.  The 

program au tomat i ca l ly  made t h e s e  adjustments  and t h e  f i r s t  p l a s t i c  s o l u t i o n  

was obta ined  f o r  nodal d e f l e c t i o n s .  J o i n t  l o a d s  f o r  t h e s e  d e f l e c t i o n s  were 

then  c a l c u l a t e d ,  determining t h a t  t h e  p l a s t i c  load  l i m i t  at a second a t t e n u a t o r  

J o i n t  22 was t h e n  allowed t o  d e f l e c t  
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post ( j o i n t  23) had been exceeded. This j o i n t  w a s  then allowed t o  def lec t  

p l a s t i c a l l y  ( the  j o i n t  load constrained t o  the  input l i m i t ) ,  and the  f i n a l  

p l a s t i c  so lu t ion  w a s  obtained f o r  nodal def lect ions.  Jo in t  loads f o r  t h i s  

f i n a l  so lu t ion  were acceptable (no new cons t ra in ts  v io la ted) .  The program 

then ca lcu la ted  t h e  i n t e r n a l  member loads 

To obtain t h e  f i n a l  solut ion,  t he  program required 173 seconds of Central  

Processor time and 47 seconds of per ipheral  Processor time. A so lu t ion  fo r  

the  same problem with no p l a s t i c  constraints  could be obtained i n  l e s s  than 

one-third of t h i s  Central  Processor time. 

The footpad's f i v e  lowest f ree-free mode shapes and frequencies were used 

t o  represent  t h e  f l e x i b l e  footpad s t ruc tu re  f o r  t h e  ana ly t i ca l  s tud ies  dis-  

cussed i n  Section 8.1. 

idea l ized  as shown i n  Figure 6.3-4. 

all the radial beams were joined at  t h e  center .  This idea l i za t ion ,  which 

d i f f e r s  from t h a t  given i n  Section 6.1 f o r  t h e  combined footpad and at tenuat ion 

system, s ign i f i can t ly  reduces computer time. 

For t h e  modal analysis  rou t ine ,  t h e  s t ruc tu re  w a s  

The footpad's center  r i ng  w a s  removed and 

The complete footpad s t ruc tu re  (excluding a t tenuat ion  system) described 

i n  Section 6.1 contains 36 j o i n t s  and 216 degrees of freedom. Reducing t h e  

order of t h e  associated s t i f f n e s s  matrix (216 by 216) t o  t h e  s i z e  permitted 

i n  the  eigenvalue rout ine  (102 by 102) and determining t h e  mode shapes and 

frequencies 

2400 seconds of Peripheral  Processor (PP) time. 

Figure 6.3-4 contains 150 degrees of freedom. 

as described above requi res  137 seconds of CP t i m e  and 800 seconds of PP time. 

requi res  over 300 seconds of Central  Processor (CP) time and over 

The s t ruc tu re  shown i n  

Performing t h e  same operations 
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MODAL ANALYSIS REDUCTION ROUTINE ELIMINATED 
ROTATION AT JOINTS: 

3, 4, 6, 7. 9, 10, 12, 13, 15, 16, 18, 19, 21, 22, 24, AND 25 
TYPICAL ELEMENTS IN MASS MATRIX 

MASS AT JOINT 14 INCLUDES 1/12 THE 
MASS OF THE OUTER RING AND 1/2 

TWEEN JOINTS 2 AND 14. 

MASS MOMENT O F  INERTIA AT JOINT 
14 (Iz) I S  THE SUM OF THE MASSES 
AT JOINTS 15 AND 25 TIMES THE 
SQUARE OF THE DISTANCE d 

THE MASS OF THE RADIAL BEAM BE- 

Figure 6.3-4 
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The s t i f f n e s s  matrix w a s  reduced by removing the r o t a t i o n a l  degrees of 

freedom a t  16  j o i n t s  shown i n  Figure 6.3-4. 

degrees of freedom associated with each j o i n t ,  t h i s  reduces t h e  number of 

elements from 150 t o  102. 

The elements of t h e  mass matrix associated with the  t r a n s l a t i o n a l  degrees 

of freedom were obtained by d i s t r ibu t ing  the  footpad mass, one-half t he  at ten-  

uator  mass, and one-half t he  cable mass t o  t h e  appropriate footpad j o i n t s  as 

shown i n  Figure 6.3-4. If t r a n s l a t i o n a l  degrees of freedom had been removed 

i n  t h e  reduction rout ine ,  t h e i r  mass terms would have been d i s t r ibu ted  between 

adjacent j o i n t s .  Rotational elements i n  the  mass matrix are associated with 

t h e  re ta ined  ro t a t iona l  degrees of freedom. These elements were obtained 

by transforming t h e  i n e r t i a  proper t ies  at j o i n t s  whose ro t a t iona l  degrees of 

freedom were eliminated, t o  adjacent j o i n t s  having ro t a t iona l  degrees of free- 

dom (Figure 6.3-4). 

Since the re  are th ree  ro t a t iona l  
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7 -  LANDING LOADS AND MOTIONS PROGRAM 

The Landing Loads and Motions Program determines t i m e  h i s t o r i e s  of t h e  

s p a t i a l  pos i t i ons ,  v e l o c i t i e s ,  and accelerat ions of t h ree  separate  components 

idea l iz ing  a platform lander.  

mining landing loads and acce lera t ion 'pa t te rns  on the  footpad t o  be used i n  

conjunction with t h e  S t ruc tu ra l  Analysis Program. 

I n  addi t ion,  options a r e  avai lable  f o r  deter-  

The lander consis ts  of t h ree  components connected by a f i n i t e  

number of s p a t i a l  s t r u t s  having both e l a s t i c  and p l a s t i c  load-stroke character-  

i s t i c s .  S p a t i a l  motions are determined fo r  t h e  footpad, a combined payload 

package and platform s t ruc tu re ,  and a secondary equipment i t e m  e l a s t i c a l l y  

connected t o  t h e  payload package. 

e i t h e r  t h e  platform o r  footpad. 

idea l ized  as r i g i d  bodies. The footpad may be considered as e i t h e r  a r i g i d  

body or t h e  e f f e c t s  of a f l e x i b l e  footpad s t ruc tu re  may be included. Two s o i l  

mechanics rout ines  a r e  ava i lab le  f o r  studying the  footpad-soil  i n t e rac t ion  

phenomenon. 

Auxiliary equipment may be included w i t h  

The payload and secondary equipment i t e m  a r e  

Analyt ical  methods developed f o r  t h i s  program a re  presented i n  Section 

7.1. 

and operating ins t ruc t ions  are discussed i n  Section 7.3. A program l i s t i n g  i s  

given i n  Appendix G . 
described i n  Appendix C. 

Organization and c a p a b i l i t i e s  of t h e  program are presented i n  Section 7.2 

A l l  of the  program variables  located i n  COMMON are 

7 . 1  ANALYTICAL METHODS - Analyt ical  methods associated with t h e  Landing 

Loads and Motions Program a r e  presented here.  Included a r e  discussions of  

coordinate systems,equations of motion, s t r u c t u r a l  i dea l i za t ion ,  s o i l  mechanics 

rout ines ,  and footpad a t tenuat ion  system. 



7.1.1 Coordinate Systems - Four coordinate systems, shown i n  Figure 

7.1-1, a r e  used t o  loca t e  the lander as a funct ion of time. These cons is t  

of one ax i s  system f ixed  on t h e  p l ane t ' s  surface and th ree  systems moving 

w i t h  the  lander.  

Angular pos i t ions  of t he  th ree  systems moving w i t h  t h e  lander ( lander  

coordinate systems),  r e l a t i v e  t o  t h e  system f ixed  on the  planet are defined 

i n  terms of t h r e e  Euler angles as discussed i n  t h e  following paragraphs. 

coordinate systems a r e  a l l  right-handed and each has th ree  orthogonal axes.  

The four systems a r e  defined as follows: 

The 

o Surface Coordinate System ( X , Y , Z )  - A coordinate system f ixed  

i n  t h e  planet  and or iented w i t h  respect  t o  t h e  slope of t h e  l o c a l  

surface.  The X ax i s  of t h i s  system i s  perpendicular t o  t h e  

ground surface.  The Z ax i s  corresponds t o  t h e  p r inc ipa l  d i rec t ion  

down t h e  ground slope and the  Y ax i s  i s  90 degrees across  t h e  

slope.  

Payload Coordinate System (x ,y ,z )  - A coordinate system moving 

with t h e  payload and f ixed  a t  i t s  center  of gravi ty .  The pay- 

load ' s  angular pos i t ions  a r e  defined i n  terms of t h e  th ree  Euler 

angles +, e,  and $. 

Footpad Coordinate System (xs,ys,zs) - A coordinate system moving 

with t h e  footpad and f ixed  at i t s  center  of grav i ty .  The xs ax i s  

i s  t h e  axis of symmetry of t h e  footpad. The footpad 's  angular 

pos i t ions  a r e  defined i n  terms of t h e  quan t i t i e s  &, e,, and $'s. 

Secondary Equipment Coordinate System (xc ,ye ,zc )- A coordinate 

system moving with t h e  secondary equipment item and f ixed a t  i t s  

o 

o 

o 
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LATFORM LAN ER COORDiNATE SYSTEMS 

xC 
SECONDARY EQUIPMENT ITEM SECONDARY EQUIPMENT COORDINATE SYSTEM 

S €CON DARY EQUIPMENT 
ITEM STRUCTURE 

NATE SYSTEM 

PLATFORM 
AUXILIARY 
€QUI PMEN T 

ATTENUATOR 

FOOTPAD COORDINATE SYSTEM 
FOOTPAD 

SURFACE COORDINATE SYSTEM r" 

GROUND SLOPE 

'IONAL 

NOTE: X-Z PLANE IN PLANE OF PAPER 

igure 7.1-9 
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center  of grav i ty .  

t i o n s  a r e  defined i n  terms of the quan t i t i e s  $c,  e,, and $c. 

The secondary equipment item's angular posi- 

Defini t ion of t h e  lander ' s  angular pos i t ion  is  based on a spec i f i c  order 

i n  the  Euler angle ro t a t ions .  

(fi), p i t ch  ( e )  and roll (4) .  

lander coordinate systems r e l a t i v e  t o  t h e  Surface Coordinate System, t h i s  

order must be followed. 

coordinate systems a r e  assumed t o  be p a r a l l e l  w i t h  each o ther ,  but they may 

be displaced r e l a t i v e  t o  each o ther .  

These must be car r ied  out i n  the  order of yaw 

To establish t h e  angular pos i t ion  of t he  th ree  

I n i t i a l l y ,  t h e  x,  y ,  and z axes of t h e  t h r e e  lander 

The t h r e e  lander coordinate systems a r e  r e l a t ed  t o  t h e  Surface Coordinate 

System by the  following expressions: 
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( 7-1 
Continued 

In  these  expressions,  [D (I ,  J)], [DS (I,  511, and [DC (I ,  511 a re  t h e  

d i r ec t ion  cosine matrices r e l a t i n g  t h e  Surface Coordinate System t o  t h e  pay- 

load ,  footpad, and secondary e q u i p e n t  item systems, respect ively.  

The elements i n  the  payload's d i r ec t ion  cosine matrix a r e  given as 

follows : 

q1 = COS e COS + 
D12 = Sin 4 Sin 8 Cos $ -Cos 4 Sin $ 

D13 = Cos 4 Sin 8 Cos $ +Sin 4 Sin $ 

D21 = Cos 8 S i n  $ 

D22 = Sin 4 Sin 8 Sin $ +Cos 4 Cos $ 

D23 = Cos 4 Sin 8 Sin $ -Sin + Cos $ 

D31 = -Sin 8 

D32 = Sin 6 Cos 8 

D33 = Cos q5 Cos 8 

(7-2) 

The d i r ec t ion  cosine matrices f o r  t h e  footpad and secondary equipment i t e m  

follow t h e  above form with t h e  proper angular pos i t ions  being employed. 

I n  addi t ion  t o  t h e  above transformations,  re la t ionships  between t h e  time 

der iva t ives  of t h e  Euler angles and t h e  angular ve loc i ty  components about t h e  

lander  coordinate axes a r e  required.  In tegra t ion  of these  def ines  the  

94 



l ander ’s  angular pos i t ion  as a function of time. 

a r e  expressed as 

The required re la t ionships  

where Q,, 

t h e  respec t ive  lander coordinate system. 

Qy, and Q, a r e  t h e  components of t h e  lander ’s  angular ve loc i ty  i n  

7.1.2 Equations of Motion - The lander ’s  equations of motion are  

discussed i n  two p a r t s ,  The f i r s t  presents r i g i d  body equations of motion 

which apply t o  the payload and secondary equipment item. The second par t  

presents t h e  development of footpad equations of motion, including the  e f f ec t s  

o f  a f l ex ib l e  footpad s t ruc tu re .  

7.1.2.1 Payload and Secondary Equipment Item - Motions of both the  pay- 

load and t h e  secondary equipment item a r e  described by s i x  r i g i d  body degrees 

of freedom. Equations of motion fo r  these  two components a re  wr i t ten  i n  the  

following form. 

9 5 



and 

(7-5)  

It should be noted, t h a t  a consis tent  set of t h e  quant i t ies  must be  used, 

depending on whether the payload or secondary equipment i tem's motion i s  

being considered. Terms i n  t h e  above expressions a r e  defined as follows: 

M = mass ( e i t h e r  payload or  secondary equip- 
ment i t em) .  

I,,, Iyu, I,, = moments of i n e r t i a .  

Ixy, I,,, Iyz = products of i n e r t i a .  
.. ,. .a 

X, Y, Z = center  of grav i ty  t r a n s l a t i o n a l  acce- 
l e r a t i o n s  i n  Surface Coordinate System. 

h,, by, 6, = angular ve loc i t i e s  about body axes. 

f ix ,  
F,, Fy, F,= sum of forces  ac t ing  at center  of 

, fi, = angular accelerat ions about body axes.  
Y 

grav i ty  i n  Surface Coordinate System. 

T, ,Ty,  T,= sum of moments about center  of g rav i ty  
i n  vehicle  coordinate systems a 
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g = l o c a l  accelerat ion of grav i ty .  

[ = l o c a l  surface slope.  

Translat ional  motions of t h e  lander are referenced t o  the  Surface 

Coordinate Syst& t o  el iminate  coupling between the equations of motion 

f o r  the angular and t r a n s l a t i o n a l  motions. 

referenced t o  the  various lander coordinate systems because t h i s  i s  t h e  

Angular motions were 

ax i s  system i n  which the  lander ' s  moments and products of i n e r t i a  a r e  

expressed. Therefore, these  i n e r t i a  proper t ies  a re  constant with t i m e  and 

t h e  angular equations of motion a r e  s implif ied.  

When these equations of motion apply t o  t h e  payload, two s e t s  of loads 

are ac t ing  on the  payload. These a re  the  loads due t o  s t roking of t h e  

at tenuator  and loads i n  t h e  secondary equipment item s t ruc tu re .  For t he  

secondary equipment item, only the  loads i n  t h e  secondary equipment item 

s t ruc tu re  a r e  act ing.  

The equations of motion for t h e  payload and the  secondary equipment 

item r e f l e c t  the  following assumptions: 

o Component coordinate systems located at component center  
of grav i ty .  

o Rigid body motions. 

o Six degrees of freedom considered. 

o Applied loads resolved i n t o  forces  and moments a t  
t he  component ' s center  of gravi ty .  

o Aerodynamic forces  a r e  negl ig ib le .  

o Changes i n  moments of i n e r t i a  a r e  negl ig ib le .  
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7.1.2.2 Footpad - The e f f e c t s  of a f l e x i b l e  footpad s t ruc tu re  on the  

footpad 's  motion have been included i n  t h e  analysis .  This i s  an opt ional  

f ea tu re  of t he  Landing Loads and Motions Program and may be suppressed 

through input data .  In  t h i s  la t ter  case,  the  footpad i s  t r ea t ed  as a r i g i d  

body w i t h  s i x  degrees of freedom similar t o  the payload and secondary equip- 

ment item. 

To completely describe t h e  dynamic motion of t h e  e l a s t i c  footpad, a 

continuous e l a s t i c  body must be considered. However, f o r  t h e  

ana lys i s  of complex s t ruc tu res ,  t he  s t ruc tu re  i s  of ten ideal ized as a net- 

work of f i n i t e  elements. Motions of t h e  ideal ized s t ruc tu re  a r e  determined 

a t  a f i n i t e  number of a r b i t r a r i l y  se lec ted  cont ro l  points  d i s t r ibu ted  through- 

out t h e  body. The motion of each cont ro l  point  on t h i s  body i s  expressed 

i n  terms of three t r a n s l a t i o n a l  and three r o t a t i o n a l  displacements. This 

i dea l i za t ion  r e s u l t s  i n  a t o t a l  number of equations of motion equal t o  s i x  

times the  number of cont ro l  po in ts  se lec ted .  

In  order t o  reduce the  number of equations t o  be solved i n  t h e  Landing 

Loads and Motions Program, it w a s  assumed tha t  t he  motion of t he  footpad 

could be approximated by t h e  l i n e a r  combination of a number of t i m e  dependent 

quan t i t i e s  and assumed def lec t ion  shapes. 

employed, def ines  the  motion of t h e  e l a s t i c  system as the  superposit ion of 

a l imi ted  number of v ibra tory  modes p lus  s i x  r i g i d  body modes (References 

6 and 7 ) .  This approach i s  of ten  r e fe r r ed  t o  as t h e  normal mode method. 

For the  ana lys i s  of t h e  platform lander ,  t h e  footpad's f ree-free 

The technique which has been 

(unrestrained)  modes w e r e  chosen as t h e  v ibra tory  modes. The r i g i d  body 
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modes were assumed t o  be the  th ree  t r a n s l a t i o n a l  displacements defining the  

pos i t ion  of t h e  footpad center  of grav i ty  i n  t h e  Surface Coordinate System 

and t h r e e  angular displacements defined i n  t h e  Footpad Coordinate System. 

The angular r i g i d  body motions were expressed i n  terms of t he  moving 
?-, 

Footpad Coordinate System t o  take advantage of t h e  assumed footpad symmetry. 

I n  addi t ion,  t h i s  r e s u l t s  i n  footpad i n e r t i a  proper t ies  which a r e  constant 

with t i m e .  The t r a n s l a t i o n a l  r i g i d  body motions were referenced t o  t h e  

Surface Coordinate System t o  el iminate  coupling between the  t r a n s l a t i o n a l  

and angular m o t  ions.  

I n  developing the  footpad equations of motion, expressions def ining 

the  motion of a poin t  on t h e  footpad were obtained. 

evaluate t h e  k i n e t i c  and p o t e n t i a l  energy of t h e  footpad. 

of t h e  footpad's equations of motion were obtained by applying the Lagrangean 

equations t o  these  energy expressions e 

These were used t o  

The f i n a l  form 

The t o t a l  displacement of a point  on the footpad, point  j i n  Figure 

7.1-2, i s  defined as 

- 
r -  = pos i t ion  vector of point j r e l a t i v e  

t o  the  Surface Coordinate System. 
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SURFACE COORD 

igure 7.1-2 
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- 
R = pos i t ion  vector  of footpad center  of 

grav i ty  r e l a t i v e  t o  Surface Coordinate 
System. 

- 
= pos i t ion  vector of point j r e l a t i v e  

t o  t h e  Footpad Coordinate System ' j  

Because the  footpad i s  experiencing angular ve loc i t i e s  and acce lera t ions ,  

the  ve loc i ty  and acce lera t ion  of point  j a r e  expressed as 

In the  above, t h e  following de f in i t i ons  apply 
- 
0 = angular ve loc i ty  of footpad in t he  

Footpad Coordinate System. 
.. - 
0 = angular accelerat ion of footpad i n  

the Footpad Coordinate System. 

- 
rj  = veloc i ty  vector  of point j r e l a t i v e  

t o  t h e  Surface Coordinate System. 

.. - 
rj = accelerat ion vector of point  j r e l a t i v e  

t o  t h e  Surface Coordinate System. 

- 
R = veloc i ty  vector  of  footpad center  of 

grav i ty  r e l a t i v e  t o  the  Surface Coordi- 
nate  System. 

.. - 
R = accelerat ion vector of footpad center  

of grav i ty  r e l a t i v e  t o  t h e  Surface 
Coordinate System. 

- 
P j  = veloc i ty  vector  of point  j r e l a t i v e  

t o  the  Footpad Coordinate System. 
.. - 
p j  = accelerat ion vector  of point  j r e l a t i v e  

t o  t h e  Footpad Coordinate System. 
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It i s  assumed t h a t  t h e  pos i t ion  vector  loca t ing  t h e  point  on t h e  footpad 

can be separated i n t o  a term which va r i e s  with time and a term which remains 

constant with t i m e .  Thus, t he  loca t ion  of point  j r e l a t i v e  t o  the  Footpad 

Coordinate Syst-em i s  

where 

coordinates of point j i n  Footpad 
Coordinate System ( S  = x 
and z ) .  j s j '  ' s j 3  

s j  

undeformed pos i t ion  of point j i n  
Footpad Coordinate System. 

deformed pos i t ion  of point j i n  Footpad 
Coordinate System measured from the  
undeformed pos i t ion  of t h a t  point .  

These pos i t ion  vectors  a r e  shown i n  Figure 7.1-3. 

Employing t h e  assumption t h a t  t he  e l a s t i c  deformation i s  represented 

by t h e  superposit ion of a l imi ted  number of v ibra tory  modes, t he  deformed 

pos i t ion  of point  j i s  

where 

N = number of modes included. 

- 
+nj = magnitude of nth e l a s t i c  mode shape 

at point j . These are a function of 
t h e  coordinates s 

j '  
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POINT ON FOOTPAD IN FOOTPAD COORDINATE SYSTEM 
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Figure 7.1-3 
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q, = generalized coordinate associated with 
nth mode. These are a function of 
time 

Expressing the  deformed pos i t ion  of point  j as components i n  t h e  th ree  

axes of the  Footpad Coordinate System r e s u l t s  i n  t h e  following 

- -  
In  the  above, i, j ,  and k a re  t h e  uni t  normal vectors i n  t h e  Footpad Coordinate 

System. 

s ion  f o r  t h e  deformed pos i t ion  of point j. 

Combining Equations (7-9) and (7-10) r e s u l t s  i n  t h e  following expres- 

(7-11) 

The terms, +'nx 7 @ny 7 and +Inz  a re  t h e  components of t he  n th  

mode shape a,t point  j i n  t h e  th ree  footpad axes d i rec t ions .  

The t o t a l  ve loc i ty  of point  j i s  obtained by combining Equations (7-7) 

and (7-8). 

(7-12 ) 
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The t o t a l  k i n e t i c  energy of t he  footpad, T , i s  obtained by summing 

j 
the  k i n e t i c  energy of a l l  cont ro l  points  on the  footpad having mass tii 

where J equals the t o t a l  number of mass poin ts  on the footpad. Combining 

equation (7-13) w i t h  t h e  de f in i t i ons  given i n  equations (7-12) and (7-10) 

r e s u l t s  i n  the  following kine'tic e n e r w  expression 

+--X I N  mnGn 2 
2 n  
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Terms i n  Equation (7-14) a re  defined as follows, where t h e  q ' s  and 

grk's are the  generalized coordinates o f  t he  footpad's r i g i d  bocty modes. 

k 

M ,= footpad mass. 

Ixx, Iyy, I,, = footpad moments of i n e r t i a .  

4kt Gk, 'ilk = r i g i d  body t r a n s l a t i o n a l  displacement, 
ve loc i ty ,  and accelerat ion of footpad 
center  of grav i ty  i n  the Surface 
Coordinate System ( f o r  k = x ,  y ,  or 
z axes) .  

qrk' qrk, 'Grk = r i g i d  body angular displacement, 
ve loc i ty ,  and accelerat ion of footpad 
Coordinate System axes ( f o r  k = x, 
z, or z axes ) .  

m, = generalized m a s s  of n th  e l a s t i c  mode 

J - j  
J J  P,, = C x. m. q5xn 

j 
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Equation (7-14) i s  based on the  assumption t h a t  t h e  footpad i s  symnetric 

about the x axis , i . e .  
S 

Iyy = Izz 

and 
I = I x z d  t o  

XY Y Z  

(7-15 

where Ixy, Txz, and Iyz a re  t h e  footpad's products of i n e r t i a .  

The po ten t i a l  enexgy of t h e  footpad consis ts  of %he po ten t i a l  due t o  

the  p l ane t ' s  g rav i ty  f i e l d ,  t he  s'crain energy due t o  the footpad's e l a s t s c  

defamat ion ,  and the  po ten t i a l  d.ue t o  the cent r i fuga l  force f i e l d .  

The po ten t i a l  due t o  the  grav i ty  f i e l d  i s  

Ug = ghl (COS < qx - Sin 6 9,) 

and t h e  footpad's s t ra in  energy i s  

2 2  Us = -  Z mn on qn 
2 n  

I N  

where w ,  i s  the  na tu ra l  freguency at t h e  nth free-free mode. 
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The cen t r ipe t a l  accelerat ion at  a general  point j on t h e  footpad i s  

This r e s u l t s  i n  a cent r i fuga l  force due t o  the  mass a t  po in t  j of 

The t o t a l  po ten t i a l  due t o  cent r i fuga l  forces i s  equal t o  t h e  negative 

of the  t o t a l  work done by the  cent r i fuga l  forces  act ing through t h e i r  dis-  

placements. These displacements are due t o  the shortening of t h e  s t ruc tu re  

r e su l t i ng  from e l a s t i c  deformations. A s  an example, consider a member of 

t h e  footpad s t ruc tu re  as shown i n  Figure 7.1-4. 

experience e l a s t i c  deformations i n  t h e  th ree  axis d i r ec t ions ,  but it also 

Mot only does point  A 

displaces a dis tance i n  t h e  plane of t h e  footpad. This deformation, h , 

i s  the  shortening deformation of t h e  s t ruc tu re  and i s  due t o  t h e  e l a s t i c  

deformations pex ard Pey . The p o t e n t i a l  e n e r a  associated with the  th ree  

e l a s t i c  deformations a re  included i n  the  footpads s t r a i n  energy, Equation 

(7-17). 

I n  t h e  analysis  of t he  platform lander ,  the only shortening deformations 

of s ign i f icance  were a r e s u l t  of e l a s t i c  bending deformations normal t o  t h e  

plane of t he  footpad ( Pe,). The shortening deformations due t o  e l a s t i c  

bending deformations i n  t h e  plane of t he  footpad ( pev ) were neglected because 

t h e  in-plane e l a s t i c  deformations were severa l  orders of magnitude smaller  
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than the  e l a s t i c  deformations normal t o  the  footpad. 

For t he  s t r u c t u r a l  member shown i n  Figure 7.1-4, t h e  shortening de- 

formation is  evaluated as follows. The length OB, along t h e  def lected member, 

i s  given by 
yl 

where 5 i s  a dummy var iab le  along z s .  This r e su l t s  i n  an expression f o r  h 

of t h e  form 

Assuming s m a l l  deformation gives 

which resul ts  i n  
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Considering t h e  de f in i t i on  of t he  footpad's e l a s t i c  deformation i n  

Equation (7-11), t h e  shortening deformation a t  a general  point  j on the  

footpad i s  expressed i n  the  following form 

where 

and 

Here, A y j  qnd hzj r e f e r  t o  t h e  shortening deformation and and 7 

are dummy variables i n  t h e  footpad ys and z d i rec t ions ,  respect ively.  
S 
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- 
The j t h  cent r i fuga l  force ,  Fc. J 

moves through a displacement defined 

by EQuation (7-24). Therefore, the t o t a l  potential. of a l l  cent r i fuga l  

forces  i s  expressed as 
m 

Equation (7-25) i s  evaluated with the  terms as defined i n  Equations 

(7-19) and (7-24). Combining Equations (7-16) (7-17) and (7-25) r e s u l t s  

i n  the following equation f o r  t he  t o t a l  po ten t i a l  energy of t h e  footpad. 

where 

d z  
J -  ‘j d+nx d+mx 

z . j -  -- 
M y n m = ? m j  3 0 dz d z  

J 
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The f i n a l  form of t h e  footpad*s equations of motion were obtaineti by 

applying t h e  Lagrangean equations t o  t h e  ener@;y terms of Equations (7-14) and 

(7-26) The Lagrangean equations a r e  expressed as 

d dT dT dU 

qc 
d t  d 4 c  
- ( - - ) -  - +  - = Q c  

a, 
(7-27 

where 

Clc ,  qc = c t h  generalized coordinate and generalized 
ve loc i ty  ( e i t h e r  r i g i d  body or e l a s t i c  modes). 

T = footpad's k i n e t i c  energy. 

U = footpadP s po ten t i a l  energy 

Qc = generalized force  or moment i n  c th  mode. 

The generalized forces  of t h e  r i g i d  body t r a n s l a t i o n a l  modes axe the  sum 

of the  applied forces  i n  the  respec t ive  axis  d i rec t ions .  The generalized 

moments of the  r i g i d  body ro t a t iona l  modes a re  the  sum, a t  t h e  footpad center  

of grav i ty ,  of t h e  applied moments about t h e  footpad 's  axes. For t h e  e l a s t i c  

modes, t h e  generalized force i n  t h e  nth mode i s  

D 

In  the  above, p r e f e r s  t o  the  pth poin t  on the  footpad where a force i s  ap- 

p l ied .  There a r e  a t o t a l  of P forces ,  each of which has been resolved i n t o  

components i n  t h e  th ree  Footpad Coordinate System axes. 

Using the  footpad's energy expressions i n  conjunction with the  Lagrangean 

equations leads t o  t h e  footpad equations of motion given i n  Figure 7.1-5. 
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7.1.3 St ruc tu ra l  Idea l iza t ion  - The platform lander  i s  idea l ized  as th ree  

components, represent ing the  footpad, payload, and secondary equipment i t e m .  The 

payload and secondary equipment i t e m  are assumed t o  be r i g i d  bodies, while t h e  

e f f e c t s  of a f l ex ib l e  footpad s t ruc tu re  can be included i n  t h e  dynamics of t h e  

footpad mass. 
c 

The a t tenuator  and t h e  secondary equipment item s t ruc tu re  are 

represented as a number of s p a t i a l  s t r u t s  having pinned ends. 

The f l ex ib l e  footpad s t ruc tu re  i s  idea l ized  i n  t h e  Same manner as i n  t h e  

S t ruc tu ra l  Analysis Program. It i s  idealized as a network of bar members, 

each capable of carrying axial load, shear  i n  two d i rec t ions ,  bending i n  two 

d i rec t ions  and to r s ion ,  From t h i s  representa t ion ,  t h e  footpad's f ree-free 

mode shapes and frequencies a re  obtained fo r  inclusion i n  t h e  footpad's equa- 

t i o n  of motion. 

The cha rac t e r i s t i c s  of t h e  s t ru ts  are defined i n  terms of a bas ic  load- 

s t roke re la t ionship  as shown i n  Figure 7.1-6. Three of these  basic  load-stroke 

re la t ionships  are input t o  the  program. One i s  associated with t h e  at tenuator  

s t r u t s  and two with t h e  secondary equipment i t e m  support s t ruc tu re  s t r u t s .  

The load-stroke curve f o r  a p a r t i c u l a r  s t r u t  i s  obtained from t h i s  bas ic  

load-stroke re la t ionship  i n  conjunction with a number of modification coef f i -  

c ien ts .  These coef f ic ien ts  allow f o r  a d i f f e ren t  load-stroke curve fo r  each 

s t r u t  and d i f fe ren t  load  l e v e l s  i n  tension and compression. The force  terms 

of t h e  bas ic  load-stroke re la t ionship  are mult ipl ied by these  coef f ic ien ts  

which are defined as follows: 

COEF (1,J) = Variation of  bas ic  load-stroke re la t ionship  on 
compressive side f o r  J t h  s t r u t .  

COEFT (1,J) = Variation of bas ic  load-stroke re la t ionship  on 
t e n s i l e  s i d e  f o r  5 t h  strut, 
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BASIC STRUT LOAD-STROKE RELATIONSHIP 

(SLGTH (J, 3), F C  (J, 3)) 

(SLGTH 

(SLGTH ( J ,  2), F C  (J,  2)) 

SLGTH (J.1) 

F C  (J, I) 

STROKE A T  I TH POINT ON J T H  LOAD-STROKE CURVE 

FORCE A T  I T H  POINT ON J T H  LOAD-STROKE CURVE I 

WHERE: 

1. 

2. J = 1: REFERS TO ATTENUATOR STRUTS 

EACH LOAD-STROKE CURVE HAS SIX POINTS (I GOES FROM 1 T O  6) 

J = 2: REFERS TO SECONDARY EQUIPMENT ITEM 

STRUTS 1 AND 2. 
J = 3: REFERS TO SECONDARY EQUIPMENT ITEM 

STRUTS 3 THROUGH 6. 

STRUT STROKE 

Figure 7.1-6 

116 



where Ig-1 refers t o  a t tenuator  s t r u t s  

I = 2 r e f e r s  t o  secondary equipment i t e m  s t ruc tu re  s t r u t s  

The load i n  a given strut increases  with s t roke  u n t i l  the  crush 

force is  reached, as shown i n  Figure 7.1-7. Then t h e  load will remain 

constant w i t h  s t roke  u n t i l  e i t h e r  the  s t roke reverses  d i rec t ion ,  a second 

elastic por t ion  i s  reached, or  the strut i s  completely crushed. When the  

f i rs t  of these happens, an e l a s t i c  unloading w i l l  take place i n  the s t r u t .  

The spr ing  rate (K)  of t h i s  e l a s t i c  unlcading i s  defined by the  empirical  

equation (Reference 1 0 ) .  

e 

K O  
K =  1+6P, (7-29 

where KO i s  the  spr ing  constant of t he  uncrushed s t r u t  material and P, i s  t h e  

r a t i o  of the crushed s t r u t  length t o  the o r ig ina l  length.  

When a second e l a s t i c  port ion of t h e  s t r u t  i s  reached, t h e  load again in- 

creases w i t h  s t roke  at a new slope,  Following t h e  complete crush of a sk ru t ,  

the  s t r u t  load  w i l l  be governed by a spr ing constant represent ing t h e  e l a s t i c i t y  

of the s t r u t  backup s t ruc tu re .  

and t e n s i l e  loading conditions.  

These re la t ionships  apply f o r  both compressive 

In addi t ion,  provisions are ava i lab le  f o r  t h e  inclusion of a constant 

f r i c t i o n  force and a ve loc i ty  squared damping force i n  each s t r u t .  

these  are applied i n  a d i r ec t ion  opposite t o  t he  ve loc i ty  of the  s t roking 

motion i n  t h e  s t r u t .  

curve as ind ica ted  i n  Figure 7.1-8. 

parameters : 

Both of 

The f r i c t i o n  forces  a re  superimposed on the  load-stroke 

These forces  are governed by t h e  following 
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STRUT LOAD-STROKE RELATIONSHIP 

ELASTIC BACKUP 
STRUCTURE 

CONSTANT CRUSH - 
SECOND 

UNLOADING 

RELOADING 

STRUT STROKE 

Figure 7.1-7 
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EFFECT OF FRICTION AND DAMPING FORCES ON 
STRUT LOAD-STROKE RELATIONSHIP 

TOTAL LOAD-STROKE RELATIONSHIP 
WITH FRICTION AND DAMPING 

FRICTION FORCE +DAMPING FORCE 

NO FRICTION OR DAMPING 

FRICTION FORCE -/-DAMPING FORCE 

/ 
/ 

STRUT STROKE 
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VISLM = Velocity squared damping coef f ic ien t  f o r  a t tenuator  s t r u t s  

VISJK = Velocity squared damping coef f ic ien t  f o r  secondary equipment 
i t e m  struts 

FFLM ( I )  = I t h  a t tenuator  s t r u t  compressive f r i c t i o n  force 

FFLMT (IT= I t h  a t tenuator  s t r u t  t e n s i l e  f r i c t i o n  force 

FFJK (I)  = I t h  secondary equipmelit i t e m  s t r u t  compressive f r i c t i o n  
force 

FFJKT ( I )  = I t h  secondary equipment i tem s t r u t  t e n s i l e  f r i c t i o n  force 

7.1.4 S o i l  Mechanics - Two methods of represent ing the  footpad-soil  i n t e r -  

ac t ion  have been incorporated i n  the Landing Loads and Motions Program. The 

f irst  of these ,  r e f e r r ed  t o  as t h e  Primary So i l  Mechanics Method, i s  a modifica- 

t i o n  of t h e  footpad-soil  i n t e rac t ion  method developed during t h e  Lunar Module 

(LM) S o i l  Mechanics Study summarized i n  Reference (8) .  

similar t o  t h e  vers ion reported i n  Reference ( 9 )  f o r  t h e  Surveyor simulation. 

It i s  assumed t h a t  t h e  semiempirical re la t ionships  given i n  Reference ( 9 )  are 

d i r e c t l y  appl icable  t o  platform landers.  An a l t e r n a t e  s o i l  mechanics method, 

r e fe r r ed  t o  as t h e  Secondary S o i l  Mechanics Method, determines t h e  s o i l  force 

through a simple e l a s t i c -p l a s t i c  re la t ionship  between s o i l  pressure and depth 

This modification i s  

of s o i l  penetrat ion.  

I n  both of these  rout ines ,  it i s  assumed t h a t  t he  surface of t he  footpad 

i s  represented by a nvmber of concentric conical  segments as shown i n  Figure 

7.1-9. Each of these  segments i s  divided i n t o  a number of  elemental cont ro l  

areas .  The center  of each elemental cont ro l  a r ea  i s  used as t h e  cont ro l  point 

i n  determining t h e  amount of s o i l  penetrat ion associated with t ha t  area. S o i l  

forces  ac t ing  on t h i s  area a re  determined employing the  appropriate  s o i l  mechan- 

i c s  rout ine.  The t o t a l  s o i l  force ac t ing  on the  footpad i s  t h e  sum of t h e  

forces  on a l l  t h e  elemental cont ro l  areas i n  contact w i t h  the  s o i l .  
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Figure 7.1-9 
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When including t h e  e f f ec t s  of a f l ex ib l e  footpad i n  e i t h e r  of t he  s o i l  

rou t ines ,  t he  magnitudes of t h e  free-free mode shapes at  t h e  cont ro l  points  of 

t h e  elemental cont ro l  areas  must be determined. These a r e  needed t o  determine 

t h e  def lected footpad shape and thus  the  amount of s o i l  penetrat ion associated 

w i t h  each of t h e  elemental control  areas .  In  general ,  these poin ts  do not 
-a7 

coincide w i t h  t h e  poin ts  on t h e  footpad a t  which the  input mode shapes a r e  

defined. To obtain t h 3  magnitudes of the  mode shapes at  t h e  required poin ts ,  

a l e a s t  squares curve f i t  has been employed. It w a s  assumed t h a t  t h e  mode 

shape of t h e  n th  mode a t  point j could be represented as a second order poly- 

nomial 

Terms i n  the  above are defined below and i l l u s t r a t e d  i n  Figure 7.1-9. 
j qjnk = magnitude of nth mode shape at  point j i n  k th  d i rec t ion  

(k = x,y9z) .  

‘j 

Anki 

= radius  of  point j i n  t h e  ys - z plane of t h e  Footpad 
S Coordinate System. 

= i t n  coef f ic ien t  of  least squares representat ion.  

The t e r m  Erik, loca tes  the  nodal diameters of t h e  nth mode shape i n  the  k th  

axis d i r ec t ion  a t  t he  proper angular pos i t ion  on t h e  footpad. This term i s  

governed by the  input parameter NDIAMnk 

diameters. When NDIAMnk> 0 , t he  cosine terms a r e  used, while the  s ine  

terms a r e  used f o r  N D I A M , ~  < 0 .  If NDIAMnk i s  set equal t o  100, t h e  nth 

mode shape i n  t h e  k th  ax is  d i rec t ion  i s  s e t  equal t o  zero. Further discussion 

on t h e  use of t h i s  ind ica tor  i s  given i n  Section 7.3.3. 

, which defines t h e  number of nodal 
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The coe f f i c i en t s ,  A's, of Equation (7-30) are determined through a least 

squares rout ine from t h e  input mode shapes and t h e i r  corresponding y 

coordinates.  

shapes a t  t h e  elemental cont ro l  area loca t ions  as defined by the EY's and EZ's 

(Figure 7.1-9) a 

and z 
S 0 

Equation (7-30) i s  then used t o  obtain the  magnitudes of t h e  mode 

,< 

7.1.4.1 Primary S o i l  Mechanics Method - Although t h e  footpad-soil i n t e r -  

act ion method of Reference (8) was  developed spec i f i ca l ly  for t h e  LM-shaped 

footpad, t h e  technique u t i l i z e s  p r inc ip l e s  which are fundamental t o  the  in t e r -  

ac t ion  phenomenon occuring during s o i l  penetration. 

bas ic  method t o  a d i f f e ren t  footpad shape was  demonstrated by t h e  good agree- 

ment obtained between telemetered Surveyor lunar  impact da t a  and predicted land- 

ing dynamics as reported i n  Reference (9) .  While experimental da t a  f o r  a p l a t -  

form lander  footpad shape are des i rab le ,  adequate approximation of footpad-soil  

i n t e rac t ion  can be made using the method presented herein.  

Applicabi l i ty  of this 

I n  Reference (81, a theory of s o i l  e las to-p las t ic  deformation i s  used t o  

define the force between the  footpad and t h e  deformed s o i l  surface.  The s o i l  

mass, displaced 'by t h e  moving footpad, i s  considered as a degree of freedom 

independent of  t h e  lander  system. A spr ing,  represent ing the  s o i l  e l a s t i c i t y ,  

i s  placed between t h e  footpad and t h e  s o i l  mass. Additional ex terna l  forces  

applied t o  the  s o i l  m a s s  represent  a momentum t r a n s f e r  force  and a force due 

t o  the s o i l  s t rength .  

It was shown i n  the Surveyor simulation that s u f f i c i e n t  accuracy can be 

obtained by neglect ing s o i l  e l a s t i c i t y  and assuming t h a t  the moving s o i l  mass 

is at tached r i g i d l y  t o  t h e  footpad. This s impl i f ica t ion  r e s u l t s  i n  t h e  removal 

of  the so i l  mass d i f f e r e n t i a l  equation from the ana lys i s ,  Therefore, the s o i l  
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force ac t ing  on the  footpad i s  considered t o  be the sum of a s o i l  s t rength 

term, a s o i l  drag term, and a term approximating the  e f f e c t  of t he  changing 

s o i l  mass. Figure 7.1-10 presents  a diagramatic representat ion of these terms. 
0 

The extension of t h e  method of analysis  discussed above i s  applied t o  the  

platform lander as follows where, t h e  symbols a r e  defined i n  Figure 7.1-11. 

Forces ac t ing  on each elemental cont ro l  a rea ,  as shown i n  Figure 7.1-12, con- 

s is t  of an a x i a l  force ,  

force,  Fne, normal t o  the  ve loc i ty  vector .  

forces due t o  t h e  s o i l  s t rength ,  s o i l  drag, and e f f e c t  of t he  changing s o i l  

mass. This axial force applied t o  an elemental footpad area i s  derived i n  a 

manner analogous t o  that  employed t o  determine the  t o t a l  axial force  on the  

footpad i n  Reference ( 9 ) .  Applying t h e  equation of motion t o  the  elemental s o i l  

s tagnat ion mass, Me, as shown i n  Figure 7.1-13, r e s u l t s  i n  Equation (7-31). The 

elemental s o i l  mass i s  t h a t  por t ion  of t he  t o t a l  s o i l  mass moving with the  foot- 

pad. 

, p a r a l l e l  t o  t he  ve loc i ty  vector  of  the  area and a Fae 

The axial force i s  t h e  sum of t he  

The der ivat ion of t h i s  mass term i s  shown i n  Figure 7.1-14. 

The force  Fs5 opposing t h e  motion of t h e  elemental s o i l  mass is  obtained by 

adding s o i l  s t rength  and s o i l  drag terms of Reference ( 9 )  on an elemental a r ea  

bas i s  : 
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CHANGING SOIL MASS 
(INCREMENTAL TIME PERIOD) 

Aft = PROJECTED FOOTPRINT AREA 
VIEWED A T  ANGLE 0 

Aftm = PROJECTED FOOTPAD AREA 
VIEWED AT e = o 

a = c SOIL MECHANICAL STRENGTH f DRAG e = ANGLE BETWEENSURFACENORMAL 
AND F O O T P A D V E L O C I T Y V E C T O R  FORCE TERMS 

FOR CLARITY,  8 = 0 ON FIGURE SHOWN 

Fa = C m s P g d m A t + + C d P A ~ t V ~ p  

dt  

‘a p = Fcsm + Fa 

igure 7.1-10 
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DESCRIPTION 

B U L K  MASS DENSITY O F  SOIL ( y  - SOIL U N l T  WEIGHT - F/L3) 

WEDGE SHAPE F A C T O R  FOR MOVING SOIL MASS 

ANG&E BETWEEN SURFACE NORMAL AND FOOTPAD E L E M E N T A L  A R E A  
V E L O C I T Y  VECTOR SEE F IGURE 7.1-12. 

I N T E R N A L  FRICTION A N G L E  O F  SOIL 

RATIO O F  A X I A L  TO NORMAL FORCE ON FOOTPAD 

E L E M E N T A L  FOOTPAD AREA (VIEWED A T  A N G L E O )  PROJECTED ON P L A N E  
NORMAL TO V E L O C I T Y  VECTOR. SEE F IGURE 7.1-12. 

E L E M E N T A L  F O O T P A D  AREA (VIEWED A T  90° FROM A 

SEE ne F I G U R E  7.1-12. 

E L E M E N T A L  FOOTPAD AREA (VIEWED IN D IRECTION D E F I N E D  BY T H E  L I N E  
RESULTING FROM INTERSECTION OF 2 PLANES: 0 = n/2 P L A N E  AND P L A N E  
D E F I N E D  BY INTERSECTION O F  SURFACE NORMAL AND VELOCITY VECTOR) 
PROJECTED ON P L A N E  NORMAL TO VIEWING ANGLE. SEE F IGURE 7.1-12. 

E L E M E N T A L  FOOTPAD AREA (VIEWED A T  ANGLE O =  0) PROJECTED ON 
P L A N E  NORMAL TO VIEWING ANGLE. SEE F IGURE 7.1-12. 

E L E M E N T A L  FOOTPAD AREA (VIEWED P E R P E N D I C U L A R T O  T H E  L O C A L  FOOT- 
P A D  SURFACE) PROJECTED ON P L A N E  NORMAL TO VIEWING ANGLE. SEE 
F IGURE 7.1-12. 

DRAG C O E F F I C I E N T  

SOIL DYNAMIC MECHANICAL STRENGTH C O E F F I C I E N T  

P E N E T R A T I O N O F  E L E M E N T A L  FOOTPAD AREA PERPENDICULAR T O G R O U N D  
PLANE.  SEE F IGURE 7.1-12. 

DEEPEST FOOTPAD P E N E T R A T I O N  PERPENDICULAR T O G R O U N D  P L A N E  
SEE F IGURE 7.1-12. 

CHANGE I N  E L E M E N T  SOIL P E N E T R A T I O N  WITH RESPECT TO TIME E Q U A L  

I N  SAME DIRECTION 
AS F ) PROJECTED ON P L A N E  NORMAL TO V i E W i N t  &GLE.  

TO Ve cos n 
CHANGE I N  FOOTPRINT RADIUS WITH RESPECT TO P E N E T R A T I O N  ( A T  POINT 
ON F O O T P A D  A T H E I G H T  D m A B O V E C E N T E R O F  FOOTPAD)  

CHANGE I N  E L E M E N T A L  SOIL MASS WITH RESPECT TO FOOTPRINT RADIUS 

CHANGE I N  E L E M E N T  V E L O C I T Y  WITH RESPECT TO T IME = ACCELERATION 

R E L A T I V E  DENSITY OF SOIL (NO COMPACTION, D,= 0, MAXIMUM COMPAC- 
TION, D,= 1) 

FUNCTION DEFIN ING E F F E C T  O F  / I  ON CD 

E L E M E N T A L  A X I A L  FORCE ON FOOTPAD (OPPOSING VELOCITY VECTOR) 

E L E M E N T A L N O R M A L  FORCE ON F O O T P A D ( N 0 R M A L  TO VELOCITY VECTOR)  
I N  P L A N E  D E F I N E D  BY SURFACE NORMAL AND V E L O C I T Y  VECTOR, ALWAYS 
D I R E C T E D  OUT O F  SOIL 

SOIL FORCE OPPOSING T H E  MOTION OF T H E  E L E M E N T A L  SOIL MASS 

L O C A L  G R A V I T A T I O N A L  A C C E L E R A T I O N  

E A R T H  G R A V I T A T I O N A L  A C C E L E R A T I O N  

E L E M E N T A L  SOIL STAGNATION MASS ASSOCIATED WITH E L E M E N T A L  AREA 

RADIUS O F  F O O T P R I N T  (FOOTPAD-GROUND P L A N E  INTERSECTION)  

D ISTANCE TO E L E M E N T A L  AREA FROM FOOTPRINT CENTER.  SEE F IGURE 7.1-1 

RADIUS A T  POINT ON FOOTPAD A T  HEIGHT d m  ABOVE FOOTPAD CENTER.  
SEE F IGURE 7.1-12. 

MAXIMUM RADIUS O F  FOOTPAD 

P A T H  V E L O C I T Y  O F  E L E M E N T A L  FOOTPAD AREA 

(ANGLE, A) 
( FORCE, F)  

IN ITS (LENGTH, L 
(TIME, T  ) 

F T 2 / L 4  

- - -  
A 

A 

- - -  
L 2  

L 2  

1 2  

L 2  

L 2  

- - -  
- - -  
L 

L 

L / T  

- - -  

F T ~ / L ~  

L / T ~  

- - -  

- - -  
F 

F 

F  

L / T ~  

L / T ~  

F T ~ / L  

L 

L 

L 

L 

L / T  
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SACTINGON EL MENTAL CONTROL A 

I dim IS  ASSUMED EQUAL TO dm FOR 
PURPOSES OF DEFINING POINT A 
USED TO DETERMINE dr I 
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FO 

BIAGRAMATIC REPRES LEMENTAL SOIL FORC 

SOIL MASS MOVING WITH OTPAD 

CON1 

igwe 7.1-13 
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Coefficients C 

drag coef f ic ien ts  respect ively,  are semi-empirical f ac to r s  determined from tes t  

and CD, represent ing the  s o i l  dynamic mechanical s t rength and m s  

and discussed fu r the r  i n  l a t e r  paragraphs. 
d 

Change i n  elemental momentum with respect  t o  t ime, - (MeVe> , i s  
rr d t  

evaluated through d i f f e ren t i a t ion  by pa r t s :  

(7-33 1 

i s  assumed t o  be zero. The d V e  
Me (T) 

As i n  Reference ( 9 )  analys is ,  t h e  term 
dM 0 

term " Ve 

wr i t t en  i n  the  following form. 

represents  t he  force due t o  changing s o i l  mass and may be re -  
d t  

(7-34 1 

, i s  obtained by 
dMe 

The change i n  mass w i t h  respect  t o  footpr in t  radius ,  - 
dr 

d i f f e r e n t i a t i n g  the  following expression f o r  t h e  elemental mass. 

(7-35) 

S o i l  mass dimensionless wedge shape f a c t o r ,  '7 i s  a function of angle of 

i n t e r n a l  f r i c t i o n  of the  s o i l ,  and is  discussed fu r the r  i n  the  sec t ion  on s e m i -  

accounts f o r  t he  e f f e c t  empirical  re la t ionships  The term (Aee/'em) 
3/ 2 
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of angle 6 .  

dr/dd, i s  defined 'by footpad geometry at  height  d 

pad (where d 

plane) as shown i n  Figure 7.1-12. 

t he  elemental ve loc i ty ,  Ve cos 8 , 

follows. 

change i n  footpr in t  rad ius  with respect  t o  depth of t he  footpad, 

above the  center  of t h e  foot- m 
i s  t h e  deepest footpad penetrat ion perpendicular t o  the  ground m 

The term dd/dt i s  equal t o  t he  component of 

Equation ,(7-34) may now be rewr i t ten  as 

Axial force on an elemental footpad area i s  therefore  determined by sub- 

s t i t u t i o n  of Equations (7-32) and (7-37) i n t o  Equation (7-31). 

Footpad f l e x i b i l i t y  e f f e c t s  are included i n  determining values p f  d ,  Ve, and 9 

i n  t h i s  equation. 

The force ac t ing  on a footpad elemental a rea  normal t o  the  ve loc i ty  vector  

is  : 

(7-39 ) 

This force  is  a l w a y s  d i rec ted  out  of t h e  s o i l  and i s  i n  the  plane defined by 

the  surface normal and t h e  ve loc i ty  vector .  The semi-empirical re la t ionship  X 

i s  discussed i n  t h e  pwagraphs def ining semi-empirical re la t ionships .  
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When t h e  s p a t i a l  angle (angle 8 i n  Figure 7.1-12) defining the d i rec t ion  

of ve loc i ty  of an elemental area is  135 degrees or grea ter ,  t h e  s o i l  forces  

ac t ing  on t h a t  a r ea  are assumed t o  be zero. 

Forces Eae and Fne on each elemental footpad area  a re  resolved i n t o  t h e  

Footpad Coordinate System f o r  use in. determining t h e  dynamic motion of t h e  

footpad. 

Semiempirical re la t ionships  are determined i n  terms of t he  s o i l  p roper t ies  

from impact and drag tes t s  conducted during t h e  LM study. Propert ies  of eleven 

s o i l s  are described i n  Figure 7.1-15. The most s ign i f i can t  of these  proper t ies  

are: un i t  weight, y (bulk m a s s  densi ty ,p  t i m e s  g ) ;  r e l a t i v e  densi ty ,  Dr; t h e  

angle of i n t e r n a l  f r i c t i o n ,  4 ; and, t o  a l e s s e r  degree, the e l a s t i c  modulus 

of t h e  s o i l ,  E. Based on r e s u l t s  reported i n  Reference ( 9 1 ,  t h e  proper t ies  

y ,  Dr, and 4 are adequate t o  describe t h e  s o i l  f o r  landing dynamics and a re  

used i n  t h e  present study. 

f o r  C 

elemental cont ro l  a r ea  t o  allow determination of elemental s o i l  forces .  These 

re la t ionships  are presented i n  Figure 7.1-16. 

I n  t h i s  study, t h e  semiempirical re la t ionships  

A ,  and 9 used f o r  t h e  Surveyor footpad, are applied t o  each ms’ ‘D’ 

7.1.4.2 Secondary S o i l  Mechanics Method - An a l t e r n a t e  s o i l  mechanics 

rout ine  i s  ava i lab le  i n  the  Landing Loads and Motions Program. An input value 

of NTYPE equal t o  1 requests t h i s  rout ine.  This method determines the  pres- 

sure  ac t ing  on an elemental cont ro l  a r ea  i n  terms of t h e  depth of penetrat ion 

of t h e  area, The pressure-penetration re la t ionship  i s  defined as shown i n  

Figure 7.1-17. I n i t i a l l y  t h e  s o i l  pressure increases l i n e a r l y  from zero at 

zero penetrat ion t o  a se lec ted  pressure at a spec i f ied  cutoff  depth. Beyond 

t h i s  depth, t h e  pressure remains constant.  
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Na 
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1 
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6 

7 

e 

5 

10 

11 

12 

DESCRIPTION )ESlGNATION 

SCORIA (NARROWLY 

SCORIA(NARR0WLY 

MIXTURE O F  RS AND 
CRUSHED MARBLE (MS) 
(NARROWLY GRADER) 

SCORIA(BR0ADLY 

(WEDRON 40 40- 
NARROWLY GRADED) 

NARROWLY GRADED) 

NARROWLY GRADED) 

AIR-FLOATED CLAY 

MIXTURE OF RS AND 
CRUSHED MARBLE (MS) 
(N A RRO W LY GRAD ED) 

* MEASURED BY SONIC MEANS A T  4 PSI CO 

ZELATIVE 
DENSITY 

D r 

0 

0 

.45 

-80 

0 

0 

0 

.53 

.69 

.so  

.70 

-75 

UNIT 
YElGHT 

ypcf 
0 - 
41.4 

23.8 . 

45.9 

50.6 

58.2 

61.4 

94.7 

104 

107 

77.5 

82 

85 

‘INING PRESSURE. 

FRICTION 
ANGLE 

4s 
:deg. 

40 

43 

44.5 

47.3 

37 

43 

29 

36.8 

39 

42 

42 

48 

N SIZE PARAMETERS 
ELASTIC 

I___ 

NlFORk 
ZOEFF 
Ccl 
s___ 

1.7 

1.7 

1.7 

1.7 

1.6 

17.0 

1.3 

1.3 

1.3 

LARGE 

-ARGE 

1.87 

_I__ 

- 
%** 
-200 

.: 3 
e__ 

/3 

<3 

- 3  

11 

0 

0 

0 

51 

51 

1 

P 

- 
k * i l  

k 5  - 
2.7 

2.7 

1.7 

!.7 

!.7 

1.7 

1.52 

1.52 

1.52 

4 

4 

2.9 

c 

~ 

* *  PERCENT O F  MATERIAL (BY WEIGHT) PASSING THRU A NO. 200 SIEVE (ACS). 
* *  DIAMETER A T  95% “SMALLER THAN” POINT IN STANDARD SIEVE ANALYSIS. 

@ TO OBTAIN BULK MASS DENSITY OF SOIL, p ,  DIVIDE y BY EARTH ACCELERATION OF GRAVITY. 
THIS INFORMATION OBTAINEO FROM REFERENCE (8). 
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ELATIONSHIPS 

1.4 D, 
CmS a. 29 e TAN 4 

FOR 
Dr > -5  

4.83 Dr (:) f (0) TAN 4 cD= .8+ 4 (;)e - 
m 

20 FOR 

n - 2  
f (O)= 1 - - o < o < -  

n 
f (0) = 0 FOR 6 > - 

- 2  

FOR 
0 2 e  <- -50 ) ( 1 + SIN 0 ) 

2 

h = .50 (2) FOR 
3rr  n - > o >  - 
4 - 2  

3n 
F O R O ?  - 

4 

igure 7.1-16 
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SOIL PRESSUR AS A FUNCTION 
DEPTH OF PENETRATION 

(SECONDARY SOIL MECHANICS) 

INPUT PARAMETER SOILP ( 1 )  DEFINES 
COEFFICIENT OF FRICTION 

INPUT PARAMETER SOlLP (3) DEFINES 
/-MAXIMUM SOIL PRESSURE 

INPUT PARAMETER 
SOlLP (2) DEFINES 
SLOPE OF THIS LINE 

1 

SO1 L P EN E T  RAT1 ON 

igure 7.1-17 
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The s o i l  force  ac t ing  on t h e  elemental cont ro l  a rea  normal t o  the  landing 

surface,  i s  the  product of pressure determined from the  re la t ionship  shown i n  

Figure 7.1-17 and t h e  respect ive area.  

of t h e  landing surface,  i s  obtained by multiplying t h e  normal force by t h e  

A f r i c t i o n  force ,  ac t ing  i n  the  plane 

se lec ted  value f o r  the  coe f f i c i en t  of f r i c t i o n .  This force i s  applied i n  a 

d i rec t ion  opposite t o  the  component of t he  elemental cont ro l  a rea ' s  ve loc i ty  

i n  the  plane of t h e  landing surface.  

7.1.5 Footpad Attenuation - An addi t iona l  a t tenuat ion system may be 

loca ted  on the  bottom of the  footpad t o  l i m i t  t h e  landing loads of t he  footpad. 

Provistons have been made f o r  Including crushable material on any or a l l  of 

the conical segments used t o  represent  the footpad shape. 

a t tenuat ion  material crushing f o r  each elemental cont ro l  a r ea  i s  determined by 

t h e  balance of the  at tenuator  force and t h e  s o i l  force.  The footpad attenua- 

t i o n  system m a y  be included with e i t h e r  t h e  Primary o r  Secondary S o i l  Mech- 

anics  Methods. 

The amount of 

Forces associated with t h e  footpad at tenuat ion system are determined i n  

t h e  s o i l  mechanics subroutine.  Control points  used i n  t h e  s o i l  mechanics 

rout ine ,  are a l so  used i n  determining the  footpad a t tenuat ion  system forces .  

Coordinates of each elemental cont ro l  area,  EX, EY, and EZ, a re  modified t o  

account f o r  t h e  thickness of t h e  footpad a t tenuat ion  material. 

The load-stroke re la t ionship  f o r  t he  footpad a t tenuator  i s  shown i n  

Figure 7.1-18. 

i n  a d i r ec t ion  normal t o  t h e  elemental cont ro l  area.  Unloadings, o r  addi t iona l  

loadings due t o  second impact, occur along l i n e s  such as BE i n  Figure 7.1-18. 

When the  a t tenuator  material i s  f u l l y  crushed, point  C Figure 7.1-18, t h e  load 

The a t tenuator  i s  crushed, e i t h e r  e l a s t i c a l l y  o r  p l a s t i c a l l y ,  
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I , c  

FOOTPAD ATTENUATOR DEFORMATION 

DCM = DISTANCE DEFINING ELASTIC PORTION OF FOOTPAD 
ATTENUATOR PRESSURE - DEFORMATION RELATIONSHIP 

THICK = THICKNESS OF FOOTPAD ATTENUATION MATERIAL 

TC = PERCENTAGE OF THICKNESS WHICH MAY BE CRUSHED 

Figure 7.9-18 
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i n  t he  a t tenuator  goes t o  zero along CD and t h e  s o i l  forces  a r e  applied di-  

r e c t l y  t o  the  footpad. 

An elemental control  area i n  contact with the  landing surface i s  shown i n  

Figure 7.1-19.* The depth of s o i l  penetrat ion and amount of a t tenuator  crushing,  

are determined by comparing the  crush force with the s o i l  force.  With a s o f t  

s o i l  and a hard footpad at tenuat ion material, most of  the  deformation w i l l  t ake  

place i n  t h e  s o i l .  For a very hard s o i l ,  a majority of t h e  deformation w i l l  

occur i n  the  a t tenuator  material, u n t i l  complete crushing. Intermediate values  

result i n  deformation of both t h e  s o i l  and at tenuator  mater ia ls .  

The footpaa at tenuat ion port ion of t he  analysis  i s  bypassed when complete 

crushing of t he  a t tenuator  f o r  a given elemental area occurs. A t  t he  end of  a 

t i m e  i n t e rva l ,  t he  a t tenuator  thickness and control  point  pos i t ions  of each 

elemental cont ro l  area which experiences crushing a r e  adjusted t o  r e f l e c t  these  

deformations. This is  done by subt rac t ing  t h e  appropriate port ion of the crush 

dis tance from each of the  coordinates loca t ing  the  elemental control  area.  

Thus, i f  the  lander  rebounds, t h e  crushed shape of t h e  footpad a t tenuator  i s  

re ta ined  f o r  t h e  next impact. 
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7.2 PROGRAM DESCRIPTION - The Landing Loads and Motions Program i s  bes t  

described by discussing program c a p a b i l i t i e s ,  defining functions of subroutines,  

and examining program organization as presented i n  a flow diagram. 

of t h e  program'fs given i n  Appendix G. All programming i s  i n  FORTRAN 2 .0  f o r  

machine computation on CDC 6600 computers. 

A l i s t i n g  

7.2.1 Program Capabi l i t ies  - A maximum of 48 ax ia l  s t r u t s  w i t h  pinned 

ends a re  available f o r  representat ion of t h e  a t tenuator  loca ted  between 

the  footpad and platform s t ruc tu re .  Six s t r u t s  simulate t h e  s t ruc tu re  support- 

ing the  secondary equipment i t e m .  A l l  s t r u t s  have e l a s t i c -p l a s t i c  load-stroke 

cha rac t e r i s t i c s  which a re  i n i t i a l i z e d  through program input data .  

The footpad may be considered as e i t h e r  a r i g i d  body or t h e  e f f e c t s  of a 

f l e x i b l e  footpad s t ruc tu re  may be included. 

as t h e  superposit ion of a number of f ree-free vibratory modes. From one t o  

five modes may be included i n  t h e  ana lys i s .  Flexible  footpad information can 

The f l ex ib l e  footpad i s  represented 

be input t o  program e i t h e r  on magnetic tape when obtained from t h e  S t ruc tu ra l  

Analysis Program or i n  punched card form. 

Two s o i l  mechanics rout ines  a re  ava i lab le  f o r  studying the  footpad-soil  

i n t e rac t ion  phenomenon. 

number of semiempirical re la t ionships .  The second determines the s o i l  force  

through a simple e l a s t i c -p l a s t i c  re la t ionship  between s o i l  pressure and depth 

The first of these  represents  t h e  s o i l  i n  t e r m s  of a 

of s o i l  penetrat ion e 

Optional output i s  ava i lab le  f o r  def ining the  s t roke of t he  a t tenuator  and 

secondary equipment item struts. 

footpad, payload, and secondary equipnent item can be determined. 

addi t ion t o  those determined a t  t he  centers  of  gravi ty .  

Accelerations a t  as many as s i x  points  on the  

These are i n  

Optional outnut 
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for defining t h e  landing loads and accelerat ion pa t t e rns  on t h e  footpad i s  

a l so  ava i lab le  I) 

Two numerical in tegra t ion  methods a r e  incorporated i n  t h e  program. These 

a r e  the  constant s t e p  Predictor-Corrector and t h e  Runge-Kutta method. 
yc 

7.2.2 Subroutines - The Landing Loads and Motions Program i s  divided i n t o  

th ree  OVERLAY segments. Each segment cons is t s  of an executive subprogram and a 

number of subroutines as shown i n  Figure 7.2-1, This organization i s  required 

t o  s t a y  within t h e  a l l o t t e d  core s torage requirements. Three subroutines have 

two ent ry  poin ts ,  as indicated i n  Figure 7.2-1. The function of t h e  subroutine,  

depending on t h e  point of en t ry ,  i s  a l s o  defined. 

OVEIUIY(0) cons is t s  of t he  executive subprogram L W  and the  two sub- 

rout ines  RE!PRO and PARA. LLMP c a l l s  t h e  other two overlays i n  t h e  proper 

order and contains a l l  of t he  COMMON blocks. RETRO and PARA a r e  not used i n  the  

current  program makeup. 

f o r  t he  possible  inclusion of r e t r o  rocket or parachute considerations.  

They are skeleton rout ines  which have been provided 

INITIAL i s  t h e  executive subprogram i n  O V E R L A Y ( 1 ) .  This segment of t h e  

program reads and p r i n t s  t he  input da ta ,  determines t h e  i n i t i a l  pos i t ion  of 

t h e  lander ,  and i n i t i a l i z e s  a l l  t h e  rout ines  before in tegra t ion  of t he  equa- 

t i o n s  of  motion. 

INTLOP is the  executive subprogram i n  OVERLAY(2). It controls  t he  

so lu t ion  of t he  equations of motion. Subroutines i n  t h i s  segment of t he  

program determine t h e  forces i n  the  a t tenuator ,  secondary equipment i t e m  

s t r u t s ,  footpad at tenuat ion system, and determines t h e  s o i l  forces e These 

forces  are summed on t h e  various components, r e su l t i ng  accelerat ions 

determined, equations of motion in tegra ted ,  and t i m e  h i s to ry  quant i t ies  
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printed.  

t o  OVERLAY(1)  f o r  t he  possible  consideration of an addi t ional  da t a  s e t .  

A t  t h e  completion o f  a t i m e  h i s tory ,  program control  i s  returned 

7.2.3 - A flow diagram showing t h e  general  operation of the  

Landing Loads and Mptions Program is presented i n  Figure 7.2-2. The th ree  

OVERLAY segments are shown i n  addi t ion t o  %he various subprograms and sub- 

rout ines  which are located i n  each OYERLAY. This diagram i s  not  intended t o  

be a comprehensive programming char t ,  but shows t h e  general  flow of the  

program log ic  and ind ica tes  t h e  order of operations within each subroutine.  

A complete l i s t i n g  of the  Landing Loads and Motions Program i s  given i n  

Appendix G. 
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7.3 PROGRAM OPERPLTION - Successful operation of t he  Landing Loads and 

Motions Program depends on proper input of da t a  and correct  i n t e rp re t a t ion  

of output data .  These considerations a re  discussed i n  t h e  following paragraphs 

Examples of required input da t a  and r e su l t i ng  output da ta  f o r  a typ ica l  

landing condition ar% given i n  Appendix E. 

7.3.1 Input Data - Information descr ibing the  geometric and i n e r t i a  

proper t ies  of t h e  spec i f i c  lander t o  be studied; i n i t i a l  lander a t t i t u d e s ;  

l i n e a r  and r o t a t i o n a l  v e l o c i t i e s ;  surface conditions such as ground 

slope and s o i l  p roper t ies ;  and the  ind ica tors  needed t o  cont ro l  

the  program's operation are required as input da ta .  This sec t ion  def ines  

the  format of the  input da ta  cards and contains ins t ruc t ions  fo r  properly 

supplying input da ta  t o  t h e  program. 

Figure 7.3-1 shows the  required format for t h e  input da t a  cards .  

Columns 6 through 8 contain a card number, which must be r i g h t  j u s t i f i e d .  

Input da t a  i s  placed i n  f loa t ing  point  form i n  columns 11-20, 21-30, 31-40, 

41-50, 51-60, and 61-70. The da ta  need not be r i g h t  j u s t i f i e d ,  but must be 

contained e n t i r e l y  within the  f i e l d  of 1 0  columns provided. 

may be used f o r  sequence numbers, i den t i f i ca t ion  statements,  or comments. 

Following t h e  last card of a da t a  s e t ,  a card with NEXT i n  columns 1 

through 4 ,  must appear. 

s e t s .  The data cards  f o r  any addi t iona l  da t a  s e t s  follow t h e  first da ta  

s e t ,  and each of these  are terminated with a NEXT i n  columns 1 through 4. 

A card with STOP i n  columns 1 through 4 s igna ls  t he  end of a11 the  da ta  s e t s .  

There are a number of ind ica tors  and counters which check t h e  input 

da ta  as it i s  read t o  ensure t h a t  the  cor rec t  amount of information has been 

input .  If t h e  number of da t a  cards i s  incor rec t ,  t h e  run w i l l  be terminated 

Columns 71-80 

Multiple cases  may be run by stacking t h e  da ta  
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and e r ro r  messages pr in ted  t o  ind ica te  where the  da t a  e r ro r  occurred. In  

addi t ion ,  t h e  information required f o r  studying an e l a s t i c  footpad may be 

input e i t h e r  through punched cards or  on magnetic tape.  A l l  of t h e  indi-  

ca to r s  governing these  input options are discussed i n  Figure 7.3-2. 
u 

Data cards f o r  t he  first da ta  set must contain a l l  of t he  information 

required t o  i n i t i a l i z e  the  f i rs t  case as defined by da ta  cards  1 through 23. 

The addi t iona l  data, as determined by the  input values of t he  ind ica tors  

on these  cards ,  appear on the  higher numbered da ta  cards.  For following 

data sets, only t h e  information which i s  t o  be d i f f e ren t  from the  preceding 

case must be changed on the  appropriate cards.  

A l l  input parameters and t h e i r  associated data  card number a re  shown 

i n  Figure 7.3-3. Many o f  these  parameters a r e  adequately explained i n  t h i s  

f i gu re ,  but a number require  addi t iona l  comments. 

There i s  no spec i f i c  system of u n i t s  associated with t h e  input informa- 

t i o n ,  except f o r  t h e  angular quan t i t i e s  which a r e  expressed i n  degrees. 

A l l  o ther  parameters may be expressed i n  any consis tent  s e t  of u n i t s ,  

e i t h e r  English or Metric (inches o r  centimeters,  pounds or grams). 

The program i s  wr i t ten  i n  a manner which requi res  the  angular pos i t ions  

of the  lander coordinate systems re1:ttive t o  the  Surface Coordinate 

System, be determined i n  the  order of yaw ( $ ) 9  p i t ch  ( 0 ),  and roll ( d, ) .  

This  order i s  important i n  determini:ig t h e  cor rec t  o r i en ta t ion  of t h e  lander  

a t  any point  i n  time. 

When including the  e f f e c t s  of 8.:i e l a s t i c  footpad s t ruc tu re ,  t h e  indi-  

ca to r  NOMODE (card 21) governs t h e  nmber of footpad modes which a r e  input ,  

NORUN (card  10 )  governs t h e  number c f  modes ac tua l ly  included i n  t h e  ana lys i s  

and may be less then NOMODE. Input da t a  def ining the  footpad's mode shapes 
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and frequencies i s  placed on cards 21, 121 ,  221, 321, 421, 521, and 721. 

However, when t h i s  input da t a  i s  obtained from t h e  S t ruc tu ra l  Analysis 

Program it can be input t o  t h e  Landing Loads and Motions Program on magnetic 

tape .  
I” 

T h i s  procedure s impl i f ies  data handling between the  two programs. 

Se t t i ng  IINP (card 10) equal t o  1 provides t h e  in s t ruc t ion  t o  resd t h i s  

da t a  from magnetic tape .  If the  modal da t a  i s  obtained i n  some other  manner 

and input through punched cards ,  IINP i s  set equal t o  zero. With a f l e x i b l e  

footpad ana lys i s ,  the  da ta  on card 621 must always appear i n  punched card 

form . 
The y and z s  coordinates of each point  on t h e  footpad defining t h e  

Data cards 321 contain t h e  magni- 

S 

mode shapes appear on da ta  cards  221. 

tudes of t he  mode shapes i n  t h e  th ree  coordinate d i rec t ions  at  each of t h e  

poin ts  on the  footpad. This mode shape information i s  input i n  the  follow- 

ing  order.  

d i r ec t ion  at t h e  f irst  point  on the  footpad. The second card contains t h e  

y values and the t h i r d  the  zs values at  t h e  first point on the  footpad. 

T h i s  sequence of information i s  repeated on subsequent cards f o r  t he  remain- 

ing  poin ts  on the  footpad. For example, t h e  four th ,  f i f t h  and s i x t h  321 

cards would contain the  mode shapes i n  t h e  xs, y s 4  and zs  di rec t ions  f o r  

t he  second point  on t h e  footpad, respec t ive ly .  

cards equals t h ree  t imes t h e  number of po in ts  on the  footpad used t o  def ine  

t h e  mode shapes. 

The f i rs t  da ta  card 321 contains the  mode shapes i n  the  xs 

S 

Thus, the number Of 321 

The t o t a l  footpad s t i f f h e s s  matrix obtained from t h e  S t ruc tu ra l  Analysis 

Program results i n  an eigenvalue problem which i s  too  l a rge  for the  a l l o t t e d  

core s torage space. Therfore, a rout ine i s  used t o  reduce the order  of t h i s  
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of t h i s  matrix.  

system are  input on data cards 121. 

Rows of t h e  o r i g i n a l  s t i f f n e s s  matrix re ta ined  i n  th i s  reduced 

The parameters NDIAM (I, J)  on data cards  621, define the number of 

nodal diameters of the J mode shape i n  the  1 d i r e c t i o n ,  Here, I equals 1 

r e f e r s  t o  the  x d i r ec t ion ,  I equals 2 the y, d i rec t ion ,  and 1 equals 3 

the  zs d i rec t ion .  

i n  the  corresponding coordinate d i r ec t ion  i s  set equal t o  zero. 

7 . 3 . 3  f o r  an example of t h e  use of t h i s  ind ica tor .  

S 

If any one of these  i s  s e t  equal t o  100, t h e  mode shape 

See Section 

159 



7.3.2 Output Data - A t  spec i f ied  times during the  in tegra t ion  of t he  

equations of motion, various t i m e  varying quant i t ies  def ining t h e  lander ' s  

pos i t ion ,  v e l o c i t i e s ,  and accelerat ions a r e  pr in ted .  In  addi t ion,  opt ional  

output data,  as requested through input ind ica tors ,  may be obtained. These 

cons is t  of t h e  instantaneous s t roke  i n  the  a t tenuator  and secondary equipment 

i t e m  s t r u t s  and accelerat ions at  points  other  than the the centers  of grav i ty  

of t h e  three components. I n  t h i s  l a t t e r  case,  t h e  coordinates of the points  at 

which the  accelerat ions a re  desired are included as input data. 

The output da t a  i s  grouped by pages of information. Each output page i s  

r e l a t ed  t o  a spec i f i c  type of information. For instance,  one page presents  t h e  

t i m e  h i s t o r i e s  of the payload pos i t ions  and ve loc i t i e s .  Another page contains 

the t r a n s l a t i o n a l  accelerat ions f o r  t h e  th ree  lander components. 

of these  pages of output da ta  and t h e  output var iables  on each are presented 

i n  Figure 7.3-4. 

The order 

Each page of time h i s to ry  data  contains a maximum of 25 l i n e s  of informa- 

t i o n .  The da ta  fo r  t h i s  output ,  s t a r t i n g  at  time zero, i s  s tored  i n  the  sub- 

rout ine  OUTPUT. When e i t h e r  25 l i n e s  of data a re  s tored ,  o r  t he  run i s  com- 

p l e t e ,  t h e  pages of t i m e  h i s to ry  information ind ica ted  i n  Figure 7.3-4 a r e  

pr in ted .  Storage of data then continues,  a t  t h e  next successive p r i n t  t i m e ,  

u n t i l  enough information has been s tored  t o  again p r i n t .  Examples of t h e  out- 

put da ta  obtained from t h e  Landing Loads and Motions Program are  described i n  

Section 7.3.3. and Appendix E. 

The un i t s  of t he  output d a t a  a re  consis tent  w i t h  t h e  system of un i t s  

used i n  t h e  input data .  Only t h e  angular quan t i t i e s  a r e  output i n  t h e  

spec i f i c  un i t s  of degrees. 
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U T  DATA - LANDING LOADS AND MOTIONS PROGRAM 

THE FOLLOWING IS AN OUTLINE O F  THE PAGES OF OUTPUT D A T A  PRINTED BY THE LANDING LOADS AND 
AOTIONS PROGRAM. 

I. INPUT DATA - &LL INPUT DATA, BOTH FROM CARDS AND TAPE. 

II. LANDER I N I T I A L  CONDITIONS - SUMMARY OF THE LANDER’S I N I T I A L  CONDITIONS. 

111. TIME HISTORY QUANTITIES 

1. STANDARD OUTPUT 

A. PAYLOAD ORIENTATION INFORMATION - TRANSLATIONAL DISPLACE- 
MENTS AND VELOCITIES OF THE P A Y L O A D  CENTER OF GRAVITY I N  
SURFACE COORDINATE SYSTEM. ANGULAR ORIENTATION OF P A Y L Q A D  
COORDINATE SYSTEM RELATIVE TO SURFACE COORDINATE SYSTEM AND 
ANGULAR VELOCITIES RELATIVE TO PAYLOAD COORDINATE SYSTEM. 

B. EQUIPMENT ORIENTATION INFORMATION - TRANSLATIONAL DISPLACE- 
MENTS AND VELOCITIES OF THE SECONDARY EQUIPMENT ITEM CENTER 
OF GRAVITY I N  SURFACE COORDINATE SYSTEM. ANGULAR ORIENTATION 
OF SECONDARY EQUIPMENT COORDINATE SYSTEM R E L A T I V E  TO SURFACE 
COORDINATE SYSTEM AND ANGULAR VELOCITIES R E L A T I V E  TO SECOND- 
ARY EQUIPMENT COORDINATE SYSTEM. 

C. FOOTPAD ORIENTATION INFORMATION - TRANSLATIONAL DISPLACE 
MENTS AND VELOCITIES OF FOOTPAD CENTER OF GRAVITY I N  SURFACE 
COORDINATE SYSTEM. 
NATE SYSTEM RELATIVE TO SURFACE COORDINATE SYSTEM AND ANGULAR 
VELOCITIES RELATIVE TO FOOTPAD COORDINATE SYSTEMS. 

ANGULAR ORIENTATION OF FOOTPAD COORDI- 

D. ACCELERATIONS O F  COMPONENT CENTER OF GRAVITY-CENTER OF 
GRAVITY TRANSLATIONAL ACCELERATIONS FOR A L L  THREE BODIES. 
THESE ARE IN THE SURFACE COORDINATE SYSTEM. 

E. ANGULAR ACCELERATIONS ABOUT LANDER AXES - ANGULAR ACCELERA-  
TIONS O F  EACH BODY RELATIVE TO RESPECTIVE BODY AXIS SYSTEM. 

F. GENERALIZED COORDINATE TIME HISTORIES - WITH F L E X I B L E  FOOTPAD, 
GENERALIZED COORDINATES ASSOCIATED WITH VIBRATORY MODES. 
(WILL H A V E  NO OUTPUT FOR A RIGID FOOTPAD, NORUN = 0) 

2. OPTIONAL OUTPUT 

A. STROKE O F  EQUIPMENT STRUTS - STROKING MOTION I N  EACH OF T H E  
SECONDARY EQUIPMENT ITEM STRUTS. 

B. STROKE OF ATTENUATOR STRUTS - STROKING MOTION I N  ATTENUATOR 
STRUTS AS DESIGNATED BY INPUT DATA. 

C. ACCELEROMETER READING - ACCELERATIONS AT POINTS ON LANDER 
AS DEFINED BY INPUT DATA. THESE QUANTITIES ARE IN THE LANDER 
COORDINATE SYSTEMS. 

I V  SUMMARY PAGE - SUMMARY O F  LANDER IN IT IAL  CONDITIONS, MAXIMUM ACCELERATIONS, 
MAXlMUM STROKES AND FORCES IN EACH STRUT. AND RUN TIME. 

igure 7.3-4 
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An addi t iona l  output option i s  ava i lab le  i n  the  Landing Loads and Motions 

Program. This option allow the  output of t h e  a t tenuator  forces  and s o i l  forces  

ac t ing  on t h e  footpad, accelerat ions at  t h e  locat ions on the  footpad corre- 

sponding t o  the  j o i n t s  of t he  S t ruc tu ra l  Analysis Program, and the  t r ans l a -  
w 

t i o n a l  and ro t a t iona l  accelerat ion of each of t h e  lander  components. 

th i s  information i s  referenced t o  t h e  Footpad Coordinate System. This 

information i s  placed on magnetic tape when input  ind ica tor  NOFOR i s  equal t o  

1 .  

inforsa t ion  from t h e  tape  at  requested points  i n  the  time h i s to ry ,  i s  

discussed i n  Appendix D. 

All of  

The Footpad Landing Loads Program, which i s  used t o  r e t r i e v e  t h i s  

7.3.3 Example of Program Operation - To i l l u s t r a t e  proper in t e rp re t a t ion  

of i n s t ruc t ions  regarding input and output data ,  a t y p i c a l  landing condition 

w a s  se lec ted  as shown i n  Figure 7.3-5. Input data  required f o r  t h i s  case are 

shown i n  Appendix E. 

da t a  defining t h e  landers pos i t ion ,  v e l o c i t i e s ,  and accelerat ions as a function 

of t i m e .  

Following t h e  l i s t i n g  of input da ta  i s  the  output 

For t h i s  example problem, t h e  f ixed  s t ep ,  Predictor-Corrector in tegra t ion  

rout ine  w a s  used with output p r in t ed  every 10 in tegra t ion  s teps .  The footpad 

accelerat ions and loads are output on magnetic tape and the  r e t r i e v a l  of t h i s  

information from t h e  tape i s  discussed i n  Appendix D, 

Flexible  footpad input da t a ,  determined by the  S t ruc tu ra l  Analysis Program, 

are read from t h e  magnetic tape.  Figure 7 - 3 4  presents  t he  mode shapes of  t h e  

five free-free modes obtained from the S t ruc tu ra l  Analysis Program. Mode 

shapes i n  the  xs d i r ec t ion  are indicated by a plus  and minus s ign convention. 
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TYPICAL UPSLOPE LANDING CONDITION 

X PAYLOAD COORDINATE 

SURFACE COORDINATE 
5 ECON DA RY 
EQUIPMENT 

TERMINAL PROPULSION 

LANDER 1NlTlAL VELOCITIES 

! =-240 PAYLOAD COORDINATE SYSTEM 
Z = -144 IN/SEC 

LANDER WEIGHT DATA 
FOOTPAD WEIGHT = 148.6 LB 
PAYLOAD WEIGHT = 837.3 LB 
TERMINAL PROPULSION ENGINE WEIGHT = 24.2 L B  

igure 9.3-5 
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MODE 1 
= 182.8 RADISEC 

SINE TERMS - NDlAM = -2  

MODE 3 

f y s  

O, = 275.2 RAD/SEC 
COSINE TERMS - NDIAM = 0 

MODE 2 
O, = 210.6 RAD/SEC 

COSINE TERMS - NDIAM = + 2  

MODE 4 
an = 323.2 RAD/SEC 

COSINE TERMS - NDlAM = 3 

O, = 334.2 RAD/SEC 
SINE TERMS - NDlAM = -3 

Figure 7.3-6 
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Zero def lect ions of modes 1, 2, 4,  and 5 appear as nodal diameters and as a 

nodal c i r c l e  i n  mode 3. Since a nodal diameter f o r  modes 1 and 5 l i e s  along 

the  zs axis, s ine  t e r m s  a r e  used t o  represent  these  mode shapes i n  t h e  xs 

di rec t ions  (Equation <17-30)) e Cosine terms are used fo r  modes 2 and 4. The 

modal def lec t ions  i n  t h e  ys an8 z 

(See Modal Analysis Output i n  Appendix B ) .  

NDIAM associated with the  ys and zs mode shapes are a l l  input as 100. 

d i rec t ions  a re  negl ig ib le  f o r  all t he  modes 
S 

Therefore, t h e  input parameter 

The t o t a l  r e a l  time requested f o r  t h i s  run i s  0.025 seconds. This re-  

quired 115 seconds of CP t i m e  f o r  program execution. Longer runs, used t o  

obtain the  data f o r  the  curves shown i n  Section 8.1, required much more com- 

puter  t i m e .  For requested r e a l  time of 0.21 seconds, approximately 1500 

seconds of  CP t i m e  w e r e  required t o  run a case w i t h  a f l ex ib l e  footpad repre- 

sented with five free-free modes. A r i g i d  footpad, f o r  t he  same length  of 

real  t ime, required 625 seconds of CP time. 
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8. ANALYSIS OF SELECTED PLATFORM LANDER 

The se lec ted  platform lander ,  described i n  Section 5 ,  w a s  analyzed using 

t h e  two compater programs developed f o r  t h i s  study. 

l y  intended t o  demonstrate t h e  capab i l i t i e s  and compatibi l i ty  of these  pro- 

grams. Footpad mode shapes and na tu ra l  frequencies were generated using t h e  

S t ruc tu ra l  Analysis Program. 

and Motions Program when including t h e  e f f e c t s  o f  a f l ex ib l e  footpad. 

i n e r t i a ,  and a t tenuator  forces calculated i n  t h e  Landing Loads and Motions 

Program were then input t o  t he  S t ruc tu ra l  Analysis Program and i n t e r n a l  loads 

i n  the  footpad determined. P l a s t i c  analysis  of a footpad and a t tenuator  system 

using the  S t ruc tu ra l  Analysis Program was  a l so  demonstrated. 

This analysis  was  primari- 

These da t a  were u t i l i z e d  i n  t h e  Landing Loads 

S o i l ,  

8.1 LANDING LOADS AND MOTIONS - Three landing conditions were inves t i -  

gated f o r  t h e  se lec ted  platform lander  t o  demonstrate t h e  capabi l i ty  of t h e  

Landing Loads and Motions Program. ,211 t h ree  cases had t h e  same i n i t i a l  con- 

d i t i ons  except f o r  t h e  heading of t h e  i n i t i a l  horizontal  ve loc i ty  vector .  

I n i t i a l  hor izonta l  ve loc i ty  components w e r e :  

of t he .pos i t i ve  surface Z a x i s ) ,  (2 )  45-degree downslope (45 degrees from t h e  

surface Z a x i s ) ,  and (3)  upslope (along t h e  negative surface Z axis). 

t h r e e  hor izonta l  and v e r t i c a l  i n i t i a l  v e l o c i t i e s  were 1 2  f t / s e c  and 20 f t / s e c ,  

respec t ive ly ,  and landing occurred on a surface having a 30-degree slope.  

(1) downslope (along t h e  d i rec t ior  

All 

I n i t i a l l y ,  t h e  Y axes of all coordinate systems were p a r a l l e l  ( sur face ,  

footpad, payload 

lander ' s  X axes were or iented p a r a l l e l  t o  t h e  grav i ty  vector.  

and secondary equipment coordinate systems ) and t h e  p l a t  f o m  
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S o i l  p roper t ies  used for t h e  above cases  were: 

S o i l  #9, Figure 7.1-15 q5 = 39 degrees 

Dense S i l i c a  Sand r D = .69 
Y = .0619 pounds/in 3 

Footpad mode shapes and frequencies input t o  t h e  Landing Loads and Motions Pro- 

gram were obtained frm the  Structural. Analysis Program as discussed i n  Section 

6.3.3. 

Translational. ve loc i t i e s  of t he  payload and footpad centers  of grav i ty  f o r  

t he  45-degree downslope landing condition (case 2 )  a r e  presented i n  Figure 8.1-1, 

The presence of t h e  f l ex ib l e  footpad i s  apparent i n  t h e  X component of footpad 

veloci ty .  

Displacement, ve loc i ty ,  and accelerat ion time h i s t o r i e s  f o r  t he  upslope 

landing condition (case 3 )  a re  presented i n  Figures 8.1-2, 8.1-3 and 8.1-4. 

Acceleration t i m e  h i s t o r i e s  a re  shown as an envelope of the  maximum accelerat ions 

due t o  t h e i r  highly osc i l l a to ry  nature ,  

A r i g i d  and a f l e x i b l e  footpad s t ruc tu re  a re  compared i n  Figures 8.1-5 and 

8.1-6 f o r  a dGwnslope landing. The i n i t i a l  conditions were the  same as those 

f o r  case (1). 

f o r  t he  payload and footpad i n  t h e  X d i rec t ion  (Surface Coordinate System). 

In  Figure 8.1-5, the  center  of grav i ty  ve loc i t i e s  a re  presented 

Effects  of footpad f l e x i b i l i t y  a re  most pronounced i n  t h e  center  of grav i ty  velo- 

c i t y  of t h e  footpad. Resultant s o i l  forces  a re  s ign i f i can t ly  higher when foot- 

pad f l e x i b i l i t y  i s  not included (FIgure 8-1-6).  These higher s o i l  forces  lead  

t o  inaccurate  predict ions of payload accelerat ions and overa l l  lander  motions. 

Time h i s t o r i e s  of t h e  r e su l t an t  s o i l  force ac t ing  on t h e  footpad for t he  

downslope case with loose and dense s i l i c a  sand a re  shown i n  Figure 8.1-7. 

I n i t i a l  conditions f o r  t h i s  comparison were the  same as those for case (1). 

Propert ies  of t he  dense s i l i c a  sand ( S o i l  #9) were previously given, 
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Propert ies  of t h e  loose s i l i c a  sand are :  

S o i l  #7, Figure 7.1-15 y5 = 29 degrees 

Loose S i l i c a  Sand 3 Dr = 0 
= ,0548 pounds/in 

Although the  dense sand resu l ted  i n  a higher i n i t i a l  s o i l  force ,  it reduced 

t o  zero i n  about 0.12 seconds. With t he  loose sand, t he  s o i l  force increased 

slowly u n t i l  t h e  leading edge of the  footpad came i n  contact with t h e  landing 

surface,  causing an abrupt and la rge  change i n  force.  Sl ight  rebound with the  

dense s i l i c a  occurred as indicated by t h e  period of time when t h e  force w a s  

zero. No rebound f o r  t h e  lbose sand w a s  observed. 

S o i l ,  i n e r t i a ,  and at tenuator  forces may be continuously s tored  on tape as 

they are generated by the Landing Loads and Motions Program and a l l  may be 

subsequently pr in ted  out.  Thus complete external  load balances of t he  foot- 

pad, payload, o r  t o t a l  lander may be shown f o r  any spec i f i c  point i n  t i m e .  The 

point  of  peak r e su l t an t  s o i l  force f o r  t he  upslope landing condition w a s  se lec ted  

t o  demonstrat.e t h a t  consis tent  loads a r e  obtained from the  Landing Loads and 

Motions Program. When these  loads a r e  applied t o  t h e  lander ,  ex te rna l  equ i l i -  

brium i s  achieved, as shown i n  Section 8.2. Actual footpad loads and accel- 

e ra t ions  f o r  t he  t i m e  point a r e  presented i n  Appendix D. 

8.2 STRUCTURAL ANALYSIS - External equilibrium of loads on t h e  platform 

lander  f o r  t he  upslope landing case at the  time of maximum resu l t an t  s o i l  force 

i s  shown i n  Figure 8.2-1. The ex terna l  loads ( i n e r t i a ,  g rav i ty ,  and s o i l )  

ac t ing  on t h e  lander  are resolved i n t o  components at points  A and C. 

i s  the  combined center  of grav i ty  of t he  payload, platform, and one-half t h e  

a t tenuat ion  system, while point  C i s  t h e  combined center  of grav i ty  of t h e  

footpad and one-half t h e  at tenuat ion system. 

Point A 

I n e r t i a  loads are obtained from 
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t h e  products of appropriate concentrated masses and corresponding accelerat ions 

as obtained from the  Landing Loads and Motions Programs. Gravity loads,  re-  

su l t i ng  from an accelerat ion of g rav i ty  of 12.3 f t / s ec2 ,  are shown at  points  

A and C. S o i l  forces, whose components are given at  control  po in ts ,  a r e  re- 

solved i n t o  r e su l t an t  forces  and moments a t  point C. The appropriate output 

information from the  Landing Loads and Motions Program f o r  t h i s  loading case 

i s  shown i n  Appendices D and E. 

An externa l  load d i s t r ibu t ion  f o r  t he  combined platform-payload system 

i s  shown i n  Figure 8.2-2. 

t e r n a l  loads t o  t h e  platform, a r e  obtained from t h e  Landing Loads and Motions 

Program output l i s t i n g  shown i n  Appendix D. 

The a t tenuator  and cable loads,  applied as ex- 

The ex terna l  load d i s t r ibu t ion  on t h e  footpad i s  shown i n  Figure 8.2-3. 

These data a re  necessary as input t o  the  S t ruc tu ra l  Analysis Program t o  ob- 

t a i n  member loads.  Symmetry of both t h e  s t ruc tu re  and the  loading has been 

u t i l i z e d .  

S o i l  loads,  having components a t  control  po in ts  not coincident with foot- 

pad j o i n t s ,  are Seamed t o  the  immediately adjacent j o i n t s .  Atkenuator and 

cable loads a re  obtained d i r e c t l y  from the  Landing Loads and Motions Program. 

I n e r t i a  loads a re  obtained as products of t h e  assigned j o i n t  masses with t h e  

corresponding accelerat ions.  Gravity loads,  which a r e  weights of t h e  assigned 

2 j o i n t  masses, r e s u l t  from an acce lera t ion  of grav i ty  of 12.3 f t / s e c  . 
In t e rna l  loads i n  a t y p i c a l  footpad member obtained from the  S t ,wctura l  

These loads r e s u l t  from t h e  Analysis Program a r e  presented i n  Figure 8.2-4. 

external  footpad.loading case defined i n  Figure 8.2-3. 

defined by the  loca t ioqs  of t h e  P-Q--R j o i n t s  of t h e  member, i l l u s t r a t e  

Local axes d i rec t ions ,  

t h e  
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i n t e rp re t a t ion  of i n t e r n a l  loads output from t h e  St i -ucturd Analysis Program. 

The S t ruc tu ra l  Analysis Program w a s  used t o  anslyze t h e  combined foot- 

pad and at tenuat ion system thereby demonstrating program capabi l i ty  t o  account 

fo r  p l a s t i c  support &eformation. Footpad symmetry was  employed using the  

i d e d i z a t i o n  discussed i n  Section, 6.1.2.  

times using f ive  loads (1414, 2830, 4240, 5660, and 7070 pounds) applied t o  

t he  edge of t he  footpad, as shown i n  Figure 8.2-5. 

4240 pound load condition a re  given i n  Appendix A. 

deflect ions of t h e  footpad a t  the  point  of load appl icat ion were calculated 

both with and without p l a s t i c  a t tenuator  deformation. Side def lect ions 

were not a f fec ted  by at tenuator  deformation because i n  both cases diagonal 

tension cables were used t o  carry the  s ide  component of loads.  I n  addi t ion,  

t h e  S t ruc tu ra l  Analysis Program does not  include secondary e f f ec t s  such as 

shortening deformations r e su l t i ng  from e l a s t i c  bending as discussed i n  

Section 7.1.2.2. 

Tke program w a s  exercised f i v e  

Output da ta  f o r  t he  

Side and v e r t i c a l  

Figure 8.2-5 demonstrates the  capabi l i ty  of the  program t o  account 

for  p l a s t i c i t y  of support s t ruc tu re ,  however, landing dynamics were not 

considered because t h e  lander  was not allowed t o  r o t a t e  as the  footpad 

stroked. 
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9.  CONCLUSIONS 

Two methods of analysis  and associated computer programs were developed 

fo r  analysis  of pfatform landers.  

and s p a t i a l  motions, and the other  progrku determines i n t e r n a l  loads dis-  

t r i b u t i o n  i n  landing system s t ruc ture .  Each program incorporates ce r t a in  

fea tures  which were shown t o  be important. 

and Motions Program, footpad f l e x i b i l i t y  and a comprehensive s o i l  mechanics 

rout ine  were included. 

a t tenuat ion system, were incorporated i n  t h e  S t ruc tu ra l  Analysis Program. 

One program i s  used t o  pred ic t  landing loads 

For example, i n  t h e  Landing Loads 

Effects  of p l a s t i c  supports,  represent ing the  crushable 

Although only l imi ted  analyses were possible  within cons t ra in ts  of t h i s  

task order,  they were su f f i c i en t  t o  show t h a t  t he  programs are working properly 

and t o  demonstrate primary program capab i l i t i e s .  A s  a r e s u l t  of these  analyses,  

t h e  following conclusions are possible:  

1) Footpad f l e x i b i l i t y  s ign i f i can t ly  a f f ec t s  landing loads.  A s  shown i n  

Figure 8.1-6, s o i l  forces  applied t o  the  footpad during t h e  i n i t i a l  landing 

port ion a re  about 50 percent g rea t e r  f o r  a r i g i d  footpad than a f l ex ib l e  foot- 

pad. These higher forces a re  r e f l ec t ed  i n  higher accelerat ions at  payload 

center  of grav i ty  and lead t o  inaccurate  predict ions of lander motions. 

2 )  S o i l  p roper t ies  sign:.f icantly a f fec t  landing loads.  In  Figure 8.1-7, 

e t  i s  shown t h a t  s o i l  forces  increase rap id ly  w i t h  time when landing i n  dense 

sand and t h a t  some rebound i s  present .  When landing i n  loose sand, s o i l  forces  

increase gradually with t i m e  and no rebound occurs, Overall lander motions a r e  

highly dependent upon s o i l  : r o p e r t i e s .  Therefore, it i s  important t h a t  programs 

f o r  studying landing motions, include the  capab i l i t y  f o r  properly represent ing 

s o i l  propert ies .  
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3)  P l a s t i c  support deformations must be included f o r  accurate determination 

of i n t e r n a l  loads and displacements i n  landing system s t ruc ture .  As shown i n  

Figure 8.2-5, t h e  v e r t i c a l  def lec t ion  at  t h e  edge of t h e  footpad r e su l t i ng  from 

a 6000 pound load i s  over t h ree  times grea te r  when p l a s t i c  supports are in- 

cluded. 

4)  Many loading conditions On the  footpad can be studied using t h e  

S t ruc tu ra l  Analysis Program only because p l a s t i c  supports a r e  included. This 

program requires  less than 3 minutes o f  machine time. 

balanced, ex terna l  loads ac t ing  on the  footpad at  any point i n  time can be ob- 

ta ined  from the  Landing Loads and Motions Program. These loads can be used i n  

t h e  S t ruc tu ra l  Analysis Program t o  obtain i n t e r n a l  loads. I n  t h i s  case,  t h e  

p l a s t i c  support option i s  not needed because a l l  external  loads are  known. 

However, t y p i c a l  landing conditions studied using the  Landing Loads and Motions 

Program required about 25 minutes of machine time. 

A complete s e t  of 

5 )  Mounting of auxi l ia ry  equipment, other  than the  landing radar ,  on t h e  

platform i s  prefered t o  mounting on t h e  footpad. This approach i s  s l i g h t l y  

l i g h t e r  and minimizes the  p o s s i b i l i t y  of s’irface contamination due t o  damage 

of a propel lant  l i n e  or  tank. 

When using t h e  two programs i n  s e r i e s o  some calculat ions a re  usual ly  re- 

quired a f t e r  operation of t he  Landing Loads and Motions Program before s o i l  

and i n e r t i a  loads are i n  t h e  form required by t h e  S t ruc tu ra l  Analysis Program. 

These ca lcu la t ions  a re  necessary when t h e  s t r u c t u r a l  j o i n t s  used i n  t h e  

S t ruc tu ra l  Analysis Program do not coincide with the  control  points  used i n  t h e  

Landing Loads and Motions Program. Automation of these  calculat ions could im-  

prove t h e  programs, but w a s  considered beyond t h e  scope of t h i s  t a sk  order.  
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APPENDIX C 

PROGRAM VARIABLES LOCATED 

IN COMMON 

LANDING LOADS AND MOTIONS PROGRAM 

2.27 



APPENDIX C 

COMMON statements are used t o  define the  s torage areas  of many of t h e  

var iab les  i n  t h e  Landing Loads and Motions Program. There a r e  names (labels) 

associated with t h e  COMMON statements. Each COMMON statement contains a block 

( seve ra l )  of  program variables .  
*1 

These labe led  COMMON blocks a re  used f o r  t h e  

t r a n s f e r  of information between the  program subroutines. 

The loca t ion  of each of t h e  lab led  COMMON blocks i n  t h e  various subroutines 

i s  given i n  Figure C-1. In  addi t ion,  a brief de f in i t i on  of a l l  program vari- 

ables  loca ted  i n  COMMON and t h e i r  pogram names a re  presented i n  Figure C-2. 

These quan t i t i e s  a re  grouped by t h e  name of t h e  COMMON statement i n  which they 

appear. The s i z e  of a l l  dimensioned variables i s  a l so  given i n  t h i s  f igure .  
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APPEIJDIX D 

The Footpad Landing Loads Program re t r i eves  and l i s t s  f o r  spec i f i c  po in ts  

i n  t i m e ,  the information placed on magnetic tape  by t h e  Landing Loads and Motions 

Program. Information continuously s tored  on tape consis ts  of a t tenuator  forces  

and s o i l  forces  ac t ing  on the footpad; angular and t r a n s l a t i o n a l  acce lera t ions  
w 

at the  footpad, payload, and secondary equipment centers  of grav i ty ;  and ac- 

ce le ra t ions  a t  footpad loca t ions  corresponding t o  j o i n t s  of the  S t ruc tu ra l  

Analysis Program. 

The input  data required by th i s  program defines t h e  points  i n  t i m e  when 

t he  forces  and accelerat ions are t o  be pr inted.  These t i m e  points  a r e  placed 

on t h e  da t a  cards,  anywhere i n  columns 1 t h r u  1 6  i n  f loa t ing  point form, one 

t i m e  point t o  a card. Stacking these da ta  cards ,  i n  ascending times, allows 

any number t i m e  h i s to ry  points  t o  be pr in ted ,  The time points  se lec ted  must 

correspond t o  t h e  output times from t h e  Landing Loads and Motions Program. 

An example of output from the  Footpad Landing Loads Program i s  given on 

t h e  following pages. This information w a s  obtained during the  upslope landing 

ana lys i s ,  at a t,ime of 0.007 seconds. This time w a s  se lec ted  f o r  determining 

i n t e r n a l  loads d i s t r ibu t ion  i n  t h e  lander using the  S t ruc tu ra l  Analysis Pro- 

gram (Section 8 . 2 ) .  

Output from t h i s  program appears i n  t h e  following form. 

Time - Time read from tape corresponding t o  input data  value. 

Attenuator Forces - Attenuator forces  ac t ing  on footpad i n  Footpad Co- 
The order of these  corresponds t o  ordinate  System. 

the  order  of t h e  s t r u t s  i n  the  Landing Loads and 
Motions Program. 
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S o i l  Forces - S o i l  forces  ac t ing  on footpad i n  Footpad Coordinate System. 
Two indica tors  l oca t e  these  forces  i n  terns of  t h e  elemental 
areas on t h e  footpad. The ind ica tor  I refers t o  t h e  conical 
segment and J ,  t h e  control  point  i n  t h a t  segnent. 

Footpad Acceler9tions - Accelerations of j o i n t s  used i n  t h e  S t ruc tu ra l  
Analysis Program. Accelerations defined i n  Foot- 
pad Coordinate, System. 

Center of Gravity Accelerations - Angular and t ranslat ional .  accelerat ions 
of center  of  grav i ty  at  each component. 
These quan t i t i e s  are all with reference 
t o  the  respect ive lander  coordinate 
systems. 

put.  

A l i s t i n g  of t h e  Footpad Landing Loads Program follows t h e  examFle out- 
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C 
C 
C 

C 
C 
C 
C 

10 

20 

30 

4 0  

C 
C 
C 
5 0  

C 

PROGRAV FLLP 

FOOZPAD L A N C I N G  LCADS PROGRAM 
MASTER AGREEMENT 3 CONTRACT W A S 1 4 1 3 7  Y TASK ORDER hUivlt;ER TviO 
MCDONKELL DOGGLAS ASTRGi i lAUTICS CO:ZPANY 9 EASTERN D I V I S I O N  

( I!'lPUT,OUTPGT,TAPE5=INPhT rTAPE6=OUTPUT,TAPE3 1 

. T H I S  PR9GRAi.i READS THE TAPE GENERATED BY T H t  L A i W l h u  LOADS AND 
I4OTIGh!S PRaGRAM WHICH CQNTAINS THE S O I L  FORCE5 AND ATTEPJLATOR 
FORCES A C T I N G  0!\1 THE FOOTPAD. THESE A R k  THEN P R I N T E Z  AT 
THE P 3 I N T S  I N  T I M E  REQUESTED BY I N P U T  TO T H I S  PROGRAX. NOTE 

LOADS AND KOT I ONS PROGRkEis 
THAT THESE T I M E S  MUST CORRESPOND TO P R I N T  T I l i E S  Ilu THE L A N D I N G  

D I X E N S I C ? !  AXYZ ( 1 8  
DAT$. I T A P E  / 3 / 
DATA TSAVE / -1. / . .  

READ I N I T I A L  TAPE D E F I N I T I O N  V A R I A E L E S  
LPI = NO. OF ATTENUATOR RECORUS 

. NTCOF? = 140. OF FOOTPAL A C C i L C R A T I U & b  
DT = I N T E G R A T I O N  STEP SILL 

R E N I N 9  I T A P E  
TSA.VE=-13C. 
REAG ( I T A P E )  LM,PJTCOR*DT 
D T = D T / Z e  
REAG ( 5 , 1 7 0 )  TIE. :€  
I F  ( E O F 9 5 )  20930  
W R I T E  ( 6 , 1 8 0 )  
STOP 

);RITE (6919C) 
" R I T E  (6,230) T I k I E  
GO TO 10 
TSAVE= T I K E  

I F  ( T S A V ~ ~ L T ~ T I M E )  GO TG 40 

T I K E = T I M E - D T  

READ T I M E  FROY T I X E  H I S T O R Y  TAPE 

READ ( I T A P E )  T I M E R  
I F  ( T I K E . L T e T I M E R )  GO TO 100 

S C I P  THROUGH TO NEXT ( T I M E )  RECORD 1 
I F  ( L N e L E . 0 )  GO TO 70  
DO 6 3  I = i r L r 4  
R E A L  ( I T A P E )  
READ ( I T A P E I  I 
I F  L I e G E . 0 )  GO TO 70  
I F  (NTCOReLE.0 )  GG TO 90  
DO 8 3  I = l , N T C O R  
READ ( I T A P E )  
READ ( I T A P E )  

6 u  
7 0  

80  
9U 

c 
C THE R I G H T  T I M E  HAS E E E h  FOUND9 53 P R I N T  I T  G U T C  
C 
100 W R I T E  (69190)  

Y R I T E  ( , 6 9 2 2 0 )  TIMER 
L i R I T E  ( 6 9 2 4 0 )  

GO TO 50 

FLL 10 
FLL 2 0  
FLL 30 
FLL 40 
FLL 50 
FLL 6 0  
F L i  70 
F L L  60 
FLL 90  
FLL 100 
FLL 110 
FLL 12G 
FLL 130 
FLL 142 
FLL 150 
FLL 1 b 0  
FLL 172 
F L L  L O U  

FLL i90 
F L i  2 3 0  
FLL 210 
FLL 2 2 0  
F i L  233 
F L i  i43 
FLL 2 3 0  
F i L  260  
FLL'  270 
FLL L o u  
FLL L > S  
FLL 3;o  
F L i  210 

FLL 23tl 
FLL 5 U  
FLL 350 
FLL 363  
FLL 370 
FLL 360 
FLL 350  
FLL 400 
FLL 410 
FLL 429 
FLL 4570 
FLL 443 
FLL 453 

.FLL > ~ i )  

F i i  460  
FLL 4 7 0  
FLL kBS 
F L L  44G 
FLL 500 
FLL >LO 
FLL ~~3 
FLL > 3 a  
FLL 540 
FLL 230 
FLL >ob 
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110 
120 
C 

1 3 0  

140 
C 

150 
C 
160 

C 
C 
C 

i 
170 
160  
1 9 0  

2 1 0  
2 2 0  
230 
2 5 0  
250  

260 
2 7 0  
280  
230 

I F  (LFEI.LEeO) GO TO 120  FLL  57ir 
DO 110 IzlsLM FLL  380 
READ ( I T A P E )  FXoFY 9FZ FLL  3 3 0  
;.;'RITE (59230) FXPFYIFZ FLL  
CONTINUE FLL  010 

S Q I L  FCGCE? FLL  oirC 
WRITE ( 6 9 2 5 0 )  F L L  b30 
READ ( I T A P E )  I , JPFXSFYPFZ FLL  u40 
I F  (1.LT.O) GO TO 340 FLL O ~ U  

k R i T E  ( 4 r 2 6 U )  I P J ~ F X ~ F Y I F Z  F L L  0 0 0  
GO TO 1 3 0  FLL 07i) 
CONT I XtiE FLL  air0 

FOOTPAD ACCELERATIONS FLL  avC) 
KRITE ( 6 9 2 7 0 )  FLL 703 
I F  (bjTCOReLE.0) 60 TO 160 F L L  710 
DO 150 I= l rNTCOR FLL 7 2 0  
REAG ( I T A P E )  FX IFY~FZ FLL 730 
WRITE ( 6 r 2 8 C )  F X I F Y ~ F Z  F L L  740 

C e  G. FLL  7% 
READ LITAPE) ( A X Y Z ( I ) , I = 1 , 1 8 )  FLL 7uO 
KRITE (6,290)  ( A X Y Z ( I ) > I = l , l S l  FLL 773 

RETURN AND READ MORE OATA FLL  790 
F L L  644 

GO TO 10 FLL  a10 
F L L  0 2 0  
F L L  E 3 C  
F L L  t L r O  

FSRMAT ( E l b e g )  
FORMAT (12HlENrJ DF D A T A )  
FORVAT ( lH1953Xt29HFOGTPAD LANDING LOADS PR05XA~/33X159HMASTER AGRFLL ti50 

1EEt.IEKT, CONTRACT NASI-8137,  TASK ORDER NUMSER Ti0/4CX,56HMCDONNELLFLL 850 
2 DOUGLAS ASTRONAaTICS COMPAIJY, EASTERN G I V I S I O N / / / / )  FLL ~ 7 0  

FGRMAT ( e H  TI;VIE = E14.7tlYi-l 15 OUT OF S k i U i h C E )  F i i  U,OO 
FORMAT ( 1 H 1 )  .' FLL  U 9 G  
FOii:,1AT (10X lOhTIME / 3EC9E16.7) FLL  i r u j  
FORMAT I 49 X 3 I 4 X 9 E 15 e 9 1 1 . FLL  T i i j  
FOPMAT [ 1HQ 9 10X17kIATTEP:UATCR FORCES/59X2HFX s laX2nFY I 18X2HFZ/ 1 FLL 923 
FORMAT ( S . H O ~ ~ O X 1 1 H L ~ I L  F G R C E ~ / ~ O % ~ H I ~ ~ ~ X ~ H ~ ~ ~ ~ X ~ ~ ~ F X Y ~ ~ X ~ H F Y ~ ~ ~ X ~ ~ F F L L  $30 
12/) FLL 94;  

FOI?!:k T L 1 9 X  15 b 15X I5 9 5 X3 ( 4XE 1 6  e 9 1 1 FLL 3 5 3  
FORMAT (1HQs1OX14HF2OTPAG A C C E K A T I 0 1 \ 1 3 / 5 9 X l H X 9 1 9 X l H Y  ,13XLHZ/) FLL 960 

F 0 R MA T L 1 H 0 9 4 1 X2 7 H T R AN 2 L k T I ON A L A C C E L c RAT I GNS 2 1 X i  4 ti Mh \j UL A R k C  C E L L K F L L Y b 0 
~ ~ T I G ~ S / / ~ ~ X ~ ~ ~ ~ X ~ ~ X I ~ ~ ~ ~ H Y . ~ ~ ~ X ~ H Z ~ / ~ ~ X ~ ~ ~ F ~ ~ T P A D  C G t 1 2 X b ( Z X E l 3 o 6 ) / F L L  $ 9 3  
211Xl lHPkYLOAD C G B ~ Z X ~ ( ~ X E ~ ~ ~ ~ ) / ~ ~ X ~ ~ ~ ~ E C O N ~ A R Y  EQUIPMENT CG ,6(2AEFLL1306 

FLL .  703 

FC)RMAT ( 4 9 X 3 ( 4 X E 1 6 * 9 ) )  FLL  9 7 0  

3 1 3 . 6 )  F ~ i 1 c ) l ; i  
END FLL  1020- 
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C 
C 
C 

C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 
li) 

20 

30 

C 
40 

5 0  
60 

OVERLAY ( SASLPs  Os 0 
PROGRAM M A I N  ( I ~ ~ P U T I O U T P U T ~ T A P E ~ = I N P U T V T A P E ~ = O U T P U T I T A P E ~ ~ T A ~ ~ ~ ~  

COXMON / L D k T k  / K S ( 7 4 ) r  R K N ( 7 4 1 9  R K T ( 7 4 )  
COWMON C O K ( 3 0 )  
EQUIVACENCE ( COi*l( 1 7 )  9 INDRKT ) 
EQUIVALENCE .( COM( 2 4 1 9  INDNMA 1 
.COMMON / C M A I N  / C O ; 4 A I N ( 1 3 5 6 0 )  , 

GATA AND V A R I A B L E  S t T - U P  

1 T A P L ~ , T A P E ~ , T A P E ~ Y T A P E B , T A P L Y )  

C A L L  SECOND ( T I M E 0 1  
C A L L  OVERLAY ( 5 L S A S L P s l r O s 6 H R E C A L L )  
C A L L  SECONU ( T I N E l )  

LOCAL S T I F F N E S S  AND TRANSFORMATIb& M A T R i C t S  A h L  LTRUCTi lRAL  
S T I F F N c S S  M A T R I X  GENERATION 

IF (INDRKT.EQ.0) C A L L  0,VERLAY ( 5 L S A S L P 9 2 r O 9 6 H R E C A L L )  
C A L L  SECClhD ( T I M E 2 1  
* ~ * X * ~ t f f X * * * * * * * * + ~ * * * ~ * * * * ~ * * * * * * * * * * * * * * * * * ~ * ~ * * * *  

* OVERLAYS TdREE ANU FQUR ARE KUTUALLY E X C L U S I V E  * 
*~*+***+*****S*~***K*~*~**~***~**************~****** 

IF ( INDNMA.NE*O) GO TO 10 

G I S P L A C E b i t N T v  RGTATIONI FORCE* A h D  HOMENT SCiLUTIUX 

C A L L  OVERLAY (5LSASLP,3 ,096HKECALL)  
C A L L  SECOND ( T I M k 3 )  
GO TO 20 

NORMAL MOGE A N A L Y S I S  S E C T I O N  

C A L L  OVLRLAY (5LSASLP94 ,0 ,6HKECALL)  
C A L L  SECOND ( T  I M E 4  ) 
CONT I NClE 
T 0 1 = T I Kt 1-T I ME 0 
T ~ ~ = T I P I E ~ - T I V I L ~  
WRITE (6940) T I M C O P T I M E ~ ~ T O ~ ~ T I M ~ ~ ~ T ~ M E Z I T ~ ~  
IF ( INDNMAeEOeO)  GO TO 30 
T ~ ~ O R ~ = T I M E ~ - T I V I E ~  
& R I T E  ( 6 ~ 5 0 )  T I M € Z , T I M E 4 9 T 2 3 0 R 4  
RETUKN 
CONT I NUE 
T 2 3 OR 4 = T I ME 3-T I :.I E 2 
WRITE ( 6 960 1 T I M L 2  9 T I M E 3  D T 2 3 O K 4  
RETUKN 

MA1 10 
MHI 20 

MA1 4 0  
MA1 50 
MA1 60 
MA1 7 0  
MA1 8 3  
M A 1  Y O  
Mi41 100 
Mfi1 110 
MnI 120 
K A 1  130 
% I  140 
M H I  i 2 3  

/"!MI 30 

H A 1  loo 
!qAI 170  
MA1 1 6 0  
M A 1  1YO 
M A 1  L O O  

M r \ l  &Lc)  
M A 1  L j O  

M A 1  L5O 
M A 1  L o U  
MkI 270 
M A 1  L B O  
M M I  2 9 0  
MA1 300 
MA1 310  
M A 1  320 
M h I  330 
M A 1  340 
WAI 3 5 0  
N r r I  300 
MhI 370 
WAI 3bO 
MA1 390 
MA1 400 
M A 1  410 
M A 1  42G 
M A 1  430  
KnI 440 
X A I  4 5 0  
Fihl 4 u o  
MA1 470  

M f i I  -10 

K H I  L40 

M A 1  400 
l T I M E  OUT T O T A L $ / 3 3 H  I N P U T  AND I P J I T I A L I Z A T I d i <  U V L R L A Y ~ Z ~ X ~ ( L A F M A I  430 
2 1 0 0 3 1  9 1 X F l O e 2 / 4 7 H O S T R U C T U R A L  S T I F F N t b S  M A T H l X  U t h c d A T L 3 N  U V t r i L A Y  9 1 ~ ; i I  5CO 
34XFJ.Oe392XF10e3r IXF10.2 / )  K A I  31c 

FGKMAT LZ9HONORYAL M 0 D t  A h A L Y S  IS UVLRLAY 9 3 2 X F l O  e3  s2XF 10.3 9 ixF 10.L 1 MA1 ? L U  
FORMAT (59HODISPLACEMENT 9 ROTATIONI FORCE9 AiJD MOMENT SOLUTION O V E X A I  5 3 0  

FORMAT ( l H 1 3 8 X ~ 2 6 H C P U  T I M E  USAGE TA3LL:  ( S i i C ) / / / 6 3 X 3 2 h  T l H E  I N  

1 R L A Y o 2 X F 1 0 ~ 3 r 2 X F 1 0 ~ 3 ~ l X F 1 0 ~ 2 / / 1  W W I  540 
END M H I  550- 
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10 

20 
30 
C 

C 
40 

SUBROUTINE E R P N T l  (ALPHAvLNGTMsICODEt  
P R I N T  ERROR I4ESSAGES 

I C 0 3 E  = 9s NON-FATAL EHHOKD CONTINUE 
I C O I j t  = 1 9  F A T A L  ERROR9 STUP 
I C 0 3 E  r - 1 9  F A T A L  ERROR? SET FATAL ERROR XIJiJlCATCjR AND 

C U N T I W k  
DATA I F A T A L  7 0 / 
DIMENSION A L P W ( 1 0 )  
WR I TE '( 6 940 ) 
I F  LICODE) 10s30r20 

GO TO 30 

I ALPHA ( I ) I a1 'I LNGTH 1 

I FATAL= 1 

STOP 
RETLJKN 

CHECH ENTRY FOR F A T A L  INDICATOR ChECK 
LNTRY t R P N T 2  
I F  (IFATALeLd.1) S T a P  
RETURN 

FORMAT t i ~ ~  ***EKKoK**~ r l O A 1 0 )  
END 

EKP 10 
ERP L G  
t K P  30 
t K P  40 
kKP 55 
kKP 00 
EKP 70. 
ERP 00 
EHP 90 
EKP 100 
ERP 110 
EKP 120 
kR? 130 
EKP 140 
EHP 150  
kKP Ab0 
EkP i70 
Ef iP i s 0  
E H P  14'0 
ERP 4 0 3  
EhP 210- 
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C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 

10  
C 
C 
C 
20 

30 

40 

5 0  

60 

C 
6 
C 
C c 
70 
ao 
90 

SUBROUTINE WRSTHK ( IROWIJCOL~STFNZ)  WRS 10 
k K 5  20 

IROW = ROW NOc JCOL = COLUMN NO. WHS 3 0  
STFNZ = VARIABLE WRS 40 

WKb 20 
OIME@IOlu JCOLD(6: ,  S T F N Z O ( 6 ) s  C O L ( 0 )  WK5 60 
DATA L I N E T  / 59 / WKS 70 
DATA ICOUNT 9 I N D L I N ,  INDRNSI IRSAVE, COL / 09.1, 0 s  1 9  6Q4HCOLa /WRS 80 

hltb 90 
THE NON ZERO ELEMLNTS OF T h E  STRUCTU8AL S T I F F N E b S  LiK5 100 

KRS 110 MATRIX ARE PASSED ONE AT A T I M E  AluD PRIlVTED b Y  RGUS S I X  
VALUES PER L I N E  WKS 120 

I F  ( I R S A V E e t P e I R U W )  GO TO 10 k k b  i30 
kRa 140 

I F  NEW ROW, P R I N T  A h Y  VARIABLES OF THE LAST R G N  DCING HELD I N  hkS 130 
A L I N E  AhD START A Ntvv L I N t  WK5 l b o  

I ND RN S = 1 WK3 170 
60 TO 2 0  WK5 160 
I F  (ICOUNT.NE.6) GO TO 40 C H S  190  

WliS 20G 
I F  S I X  VARIABLES hAVE BEElu STORED I N  A L I N E ,  PKI i . rT I T  AND vfis 210 

CONTINUE 
START A NEW LINE.  

IF ( I N D L I N e N E . 1 )  GO TO 50 WRS 240 
WRITE (6980) I R 5 A V E ~ ~ C O L ~ I ~ ~ J C O L D L I ) , S T F N Z D o r I I 1 , I C O U N T ~  WRS 2 5 0  
LINET=LI lVET+2 nKS 260 
I N b L I N = 2  
I COUNT=O 

I NDRNS=O 
I NDL I N = l  
I RSAVE=I ROW 
ICOUNT=ICOUNT+l 
JCOLD( ICOUNT)=JCOL 
STFNZD( ICOUNT)=STFNZ 

I F  (IhDRNS.EGoO1 GO TO 40 

I F  ( L I N E T e G T - 5 6 )  GO TO 60 
RETURN 
WRITE ( 6 9 9 0 )  ( C O L ( I ) ~ J C O L D L I ) ~ S T F N Z D O r I = l p I C U U N T )  
L I N E T = L I h t T + l  
GO TO 30 
IF (IRGW.LTeO) RETURN 
WRITE .( 6 970 1 
L I N E T = 3  
RETURN 

FORMAT 100 IS USED TO P R I N T  THE FIRST L I N E  FOR EACH ROW 
FORMAT 200 IS USED FGR A L L  OTHER L I N E S  [ I N D L I N  *NE-  1 )  

FORMAT I28HlSTRUCTURAL S T I F F N t S S  M A T K I X / / )  
FORMAT (SHOFtOW I 3 ~ 6 ( 1 X A 4 ~ 1 4 s l H ’ E 1 0 ~ 3 ) )  
FORMAT. (8X96(lXA4914rlH=~lOr3)) 
t N D  

uns L7U 
WK5 La0 
kKa L90 
kRS 300 
WKh 310 
NR5 320 
WkS 330 
iyRS 340 
WRS 350 
\JKS 360 
hi+> a73 
NKS 360  
vilib 390 

h K b  410 
WRa 420 
ut’&:, 430 
h115 440 
WAS 450 
WKS 400 
WRS 470 
WIG 480 
ut‘R5 490 
WkS >00 
WKS 510 
kKb  520 
k i t h  530- 

h K a  400 
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OVERLAY ( SASLPtl 1 9  0 I 
PROGRAM I N I T A L  

C 
C READ DATA CARDS AND SORT I N T O  PROPER ORDER 
C 

C 
C READ VARrASLE INPUT VALUES ARRANCED c)Y (OATSET)  
C 

C A L i  DATSET 

CALL RDDATA 
RETURN 
END 

I N 1  10 
I N 1  29 
I N 1  30 
I N 1  40 
I N 1  5 0  
1141 60 
IN1 70 
IN1 45 
IN1 3 0  
I N 1  100 
INS 110- 
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10 

C 
C 

C 

20 
30 

40. 

SO 

60 

SUBROUTINE DATSET 
DIMENSION CARD(819 I D A T A ( 7 )  
COlrlMON CON ( 30 
EQUIVALEKCE ( COM( 1 1 9  N J O I N T  
EQUIVALENCE ( COi+l( 2 1 9  NFORCE 
EQUIVALENCE ( COM( 3 )  9 i4lYOI;INT 1 
E Q U I V A M N C E  ( COM ( 4 )  9 NBAR 
EQUIVALENCE ( COi4( 5 1 9  NJPNT 
EQUIVALENCE ( COi4(20) ,  N L I M I T  , 

DIMENSION E R L ( 5 )  
DI lYENSION E R J (  5 ) r  EKF(  519 ERM( 5 1 9  k R B (  5 )  
DATA ERL / 1 0 H  THE L I W I T I  13HS Al iE NOT, 1 0 H  NUPIGERED 9 

DATA ERJ / 10rl THE NODAL9 1 0 H  POINTS A R Y  l O H E  hGT NUEiOr 

DATA ERF / l O i l  T i iE FORCE, l 0 H  VECTORS A, lOHKE NOT hUl'i9 

DATA ERN / 1 0 H  THE MOMENS lOHT VECTORS 9 lOHARE NOT h U s  

DATA ERB / l 0 d  T t i L  bAR U 9  1 O H E F l N I T I W S s  1 0 H  AKE NOT 1'49 

WRITE (69190) 

1 10HSEOUENTIAL9 lOHLY / 

1 lOHERED SEQUEI 1OHNTIALLY / 

1 10H%tRED SEWUI 1 O H t N T I A L i Y  / 

1 1UHMBEKED SELi, 10HUbYTIALLY / 

1 10HUMt3ERED SEI lOHWUENTIALLY/ 

NJOINT=CI 
N L I M  I T=O 
NFORCE=O 
NMOMNT=O 
NBAR=O 
NJPFIT=O 
REWIND 1 
REWIND 2 
REWINU 3 
REWIND 4 
REWIND 7 
REWIND 8 
READ (5,200) CARD 
WRITE (69230)  CARD 

CONVERT CODE TO INTEGER 

DECODE ( 1 9 2 1 0 1 C A K D L l )  IICODE 

ANY CODE NO. .GT. 6 i s  CONSIDfiRED AN EN0 OF RECORO 
I F  (ICODEeGT.6) 60 TO 110 

IF COLUMN ONE IS BLANK OR ZERO CONSIDER I T  A COMMENT 
I F  (ICODEeEQ.0) GO TO 10 ' 

GO TO ( 2 0 9 4 0 9 5 0 9 6 0 r 7 0 9 8 0 ) r  ICODE 
N J O I N T = N J O I N T + l  
I T A P E = l  
GO TO 100 
NJPNT=NJPNT+l  
GO TO 30 
N L I M I T = N L I M I T + 1  
GO TO 90 
NFORCE=NFORCE+l 

DAT 1 0  
DAT 20 
DkT 3 0  
DAT 40 
DAT 50 
DAT 6 0  
DAT 70 
DAT 8 0  
DAT 9 0  
DAT i d 0  
DAT i 1 0  
DAT 1 2 0  

. DAT 1 3 0  
DAT 140 
DAT 1 5 0  
DkT 1 5 0  
DAT 170 
3 k T  i b O  
DAT 190 
DAT L O O  
DAT 210 
DhT 2 2 0  
DAT 2 3 0  
DAT 240  
DAT 2 5 0  
OAT 2 6 0  
DGT 2 7 0  

DkT 290  
DAT 300 
DAT 3 1 0  
DAT 320 
GAT 330 
DAT 3 4 0  
DAT 350  
DAT 3 6 0  
DAT 370 
DAT 380 
DAT 3 9 0  
DAT 400 
GAT 410 
GAT 4 2 0  
DAT 430 
DAT 440 
DAT 4 5 0  
DAT 4 6 0  
DAT 470 
DAT 4 8 0  
DAT 4 9 0  
DAT 5G0 
DAT 5 1 0  
DAT 5 2 0  
OAT 530 
DAT 5 4 0  
DkT 550 
DAT 560 

DAT 2 8 0  
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70 

80 

90 
C 
C 
C 
100 
C 

110 

C 
C 
C 

120 

130 

140 

150 

160 

1 7.0 

180 

GO TO 90 
NMOMNT=NMOMNT+l 
GO TO 90 
NBAR=NSAR+l 
I TAPE=7 
GO TO 100 
I TAPE= I CODE- 1 

WRITE RECQRD ON SCRATCH F I L E S  

W R I T t  ( I T A P E . 2 0 0 )  CARD 

GO TO 10 
NJPNT=NJOINT+NJPNT 
END F I L E  1 
END FILE 2 
END F I L E  3 
END F I L E  4 
END F I L E  7 

SORT SCRATCH DATA F1Lfi.S AND WRITE OATA F S L E  ( T A P E S )  

DO 160 ! = I 9 5  
I F  (I.GT.4) I s 7  
I D A T A ( I ) = O  
NOCNT= 1 
I RCHG=O 
REWIND I 
READ (1,200) CARD 
I F  ( E O F s I )  1 4 0 ~ 1 5 0  
I F  (1RCHGeNE.O) GO TO 120 
GO TO 160 
DECOLjE ( 5 * 2 2 0 r C A R D ( l l  I N G  
IF (NO*NEoNOCNT) GO TO 130 
NOCNT=NOCNT+l 
I R C H G = l  

I D A T A ( I ) = I D A T A ( I ) + l  
GO TO 130 
CONTINUE 
END F I L E  8 
REWIND 8 
READ (8,200) CARD 
I F  (EOF98) 180r170 
REWIND 8 

WRITE (89200) CARD 

IF ( I D A T A ( 1 ) r N E e N J P N T )  C A L L  E R P N T l  ( E R J v S v - 1 )  
IF ( I D A T A ( Z ) . N E . N L I M I T )  C A L L  k.HPMT1 ( E R L t f i r - 1 )  
I F  ( I D A T A 1 3 ) e N E o N F O R C t l  CALL t R P N T l  ( k H F 1 5 r - 1 )  
I F  1 I D A T A ( 4 l e N E a N M O M N T I  C A L L  E R P N T l  (ERM*59-1)  I 

I F  ( I D A T A ( 7 ) . N E e N B A R )  C A L L  E R P N T l  (ERar5,-1) , 
IF A FATAL ERROR AS Q'CCUREDI STOP 

C A L L  ERPNTL 

RETURN 

VAT 5 7 0  
DfiT 5 6 0  
DAT 550 
DAT 600 
DAT 610 
DAT 620 
DAT 630 
DAT 640 
DAT 650 
DAT 6 6 0  
OAT 070 
DAT 660 
DhT b90 

* OAT 7 0 0  
OAT 710 
DAT 720 
DAT 730 
DAT 7 4 0  
OAT 7 5 0  
DAT 7 6 0  
DAT 770 
DAT 740 
DkT 790 
DAT 600 
DAT 810 
D k T  820  
DAT b3O 
OAT 840 
DAT 8 5 0  
DAT 860 
OAT 670 
DAT 880 
OAT 890 
DAT YGO 
OAT 910 
DAT 920 
DAT 430 
DAT Y49 
DAT 950 
DAT 960 
DAT 970 

DAT 990  
DkTlOOO 
DAT 101 0 
DATlOZO 
D k T 1 0 3 0  
DAT 1040 
O A T 1 0 5 0  
D A T l O b O  
D A T 1 0 7 0  
D A T l C 8 0  
DXT 1090 
D A T 1 1 0 0  
DAT 1110 
D A T l l L O  

DAT gao 
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C D A T 1 1 3 0  
190 FORMAT ( l H l s 3 6 X 5 2 H  STRUCTURAL ANALYSIS PROGRAM - PLATFbKM L A D t i T 1 ~ 4 0  

lNDER/37X59HMASTEK AGREEhkNTs CONTRACT NAS1-8137, TA5A ORDkR NUiIBERDAT1150 
2 TW0/37X57H MCDONNELL DOUGLAS ASTKONhUTICS COMPANY, E A S T E R N  D I V I S I D A T 1 1 6 0  
3 0 N / / / 3 7 H  STRUCTURAL ANALYSIS DATA - CARD C O D E , / / ~ ~ X ~ ~ I ~ B L A I \ K  - 0 DATJ.170 
4 COKMENTS ~ / 3 2 X l H 1 ~ 1 3 X ~ 2 3 H N 0 D A L  POINT D E F I N I T I O ~ ~ b ~ / 3 2 X l H 2 ~ 1 ~ X D ~ T l ~ 8 0  
5916HRggERENCE PGINTS,/32X1H3913X933HNODAL POINT KESTi3AINT D E F I N i T I D A T 1 1 9 0  
6ONS~/32XlH4,13X, lSHFOKCE V E C T O R S ~ / ~ ~ X ~ H ~ ~ ~ ~ X I ~ ~ H M O M E N T  VECTORS r / 3 D ~ T 1 2 0 0  
72XlH6,13X, l5H6AR DEFINITIONS9/32X1H7,13X,24HFORMATED-DATA TER+lINATDATiZlO 
BOP.,/) D A T L 2 2 0  

200  FORMAT ( 8 A 1 0 )  OAT1230 
210 FORMAT (11)  OAT124i) 
2 2 0  FORMAT ( 1 x 1 4 )  O ~ T l d 5 0  
2 3 0  FORMAT ( 1 X 8 A 1 0 )  . D A T i 2 6 0  

END D A T l d 7 5 -  
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SUEROUTINE RDDATA 
COMMON / LDATA / K S ( 7 4 1 9  R K N ( 7 4 ) 9  R K T 1 7 4 )  
COMMON NJOINT, NF3RCE9 NMOMNT9 NaAR 1 NJPNT 3 I T I N J O I  IBAR 

1 9 NROW 9 INDSFL, INDSFG, I l u 3 l S L 9  l N 3 I T R 9  ERRTOLp RELAxF 
2 9 INDRLXs INDWKTI INDKKTI I N 3 P L S 9  MI i iRST,  NL1141T9 NRWTOK 
3 9 IREDTOI NEIGVLI  INDNMA, INDrtNMs ThikX 

DIMENSION R J X Y Z l 1 0 0 u 3 ) g  I J H F M ( 7 4 9 6 ) s  I J A L F M ( 7 4 t 2 ) r  F R C V C T ( 7 4 9 3 ) v  
1 R M T V C T ( 7 4 r 3 1 9  I B A R P ( 1 1 9  I U A R W ( 1 ) r  I J A R H ( 1 ) r  UAHCA(l)r U A R I N ( 1 ) r  
2 B A R I T ( 1 ) r  EIARJ(J.)), B A R Y M ( 1 ) r  B A R S M ( 1 ) r  S T I F M L ( l Z * 1 2 ) ,  
3 T R A N S K ( 3 r 3 ) s  b T R J T F ( l ) ,  I K ( ; k L ( 1 ) 9  S a L V t C ( 4 4 4 ) r  H L I M T U ( 8 8 ) r  
4 R L I M T L ( 1 1 ,  D P R T f T ( 1 1 ,  A M A b S L l O Z ) *  IKWKPJ(1031 

COMMOR / CMAIN / C O M A I N ( 1 )  
EQUIVALENCE I COYIAIN( 1 1 9  RJXYL ) 
EQUIVALENCE ( COMAIN( 3 0 1 ) 1  I J R F M  
EQUIVALENCE ( COMAIN( 7 4 5 ) r  I J A L F M  ) 
EQUIVALENCL ( f O M I N (  8 9 3 )  9 FRCVCT 1 
EGUIVALEhCE ( C O M A I N ( 1 1 1 5 ) ,  RMTVCT 1 
EQUIVALENCE ( C C M A I h ( 1 3 3 7 ) r  IDARP ) 
EQUIVALENCE ( C O M A I N ( 1 4 1 1 ) p  IBARQ ) 
EQUIVALEKCE ( C O h A I N ( 1 4 8 5 ) r  I u A 2 R  1 
EQUIVALENCE ( C O M A I N ( 1 5 5 9 ) s  BAREA S T I F M L  ) 
EQUIVALENCL ( CGi l lA IN(1633)  9 d A R I N  
EQUIVALENCE ( C O M A I N ( 1 7 0 7 ) ,  B A R I T  9 TRANSM 1 
EQUIVALENCE ( C O K A I N ( 1 7 8 1 ) ,  BARJ 
EQUIVALENCE ( C O M A I N ( 1 8 5 5 ) v  BAKYM 1 
EQUIVALENCE ( C O M k I N ( 1 9 2 9 ) 9  BARSM 1 
ECUIVALENCE ( CO: / .A IN(2003)  9 SOLVEC ) 
EQUIVALEZ4CE ( C O M A I N ( 2 4 4 7 )  9 RLIMTU, ANASS ) 
EQUIVALENCE ( C O M A I N ( 2 5 3 5 ) s  H L I M T L  
EQUIVALENCE ( C O M k I N ( 2 5 4 9 )  9 IhkrKP 1 
EQUIVALENCL ( COWAIN(2623)  9 DPHTIT 1 
EQUIVALENCE ( C ( J N A I N ( 2 7 1 1 ) 9  IROWL 
EQUIVALEhCE ( i O M k I N ( 3 1 5 6 )  P STRSTF ) 
DIMENSION ERGRD(413 ERRWKP(5) 
D I M E N S I O h  E R L T ( 5 )  
G I N E N S I O h  E R R E D ( 4 )  
DIMENSION ERFROW(5) 
DIMENSION E R L N ( 5 )  
DIMENSION E R P P ( 4 )  
DIMENSION E R B N ( 4 )  9 E R J N L ( 4 )  
DIMENSION E R J h l  5 ) s  ERJK(  7 ) ~  ERFR( 6 1 9  ERMT(6)  

ERRED / 40n IREDTO CAN NO1 tjE GKcATEK THAN NKOw / GATA 
DATA 
DATA 
DATA 
DATA 

DATA 

DATA 
DATA 
DATA 
DATA 

DATA 

1 

1 

1 

A 

RDD 10 
ROD 2 0  
RVD 30 
RDD 40 
ROD 30 

RUD 7 0  
ROD 80 
rid0 93 
RIJLI 100 
RVU 110 
RUD 120 
RdG 130 
ADD 140 
R 3 3  1 5 0  
RdD 1 6 0  
K'SD 170 
RbO It0 
RLiG 1 9 0  
k3D c00 
RDD ~ 1 0  
KLjD 220  
R3D 2 3 0  
RDD 2 4 3  
R 3 3  2 5 0  
ROD 260  
RiiR 270 
HVD 280 
KLjD 2 9 0  
KVD 3QCi 
RUU 310 
KDU 320 
ROD 330 
RUU 340 
ROD 350  
RDD 360 
RDD 370 
RUD 380 
RUD 3 9 0  
RDD 400 
RED 410 
R J V  420 

Rob bo 

HOD 4 3 0  
ERHwKP/SOH THE IFlWKP ARRAY IS NOT FILCrO I N  ASCcluOlNu ORVkK / K J U  440 
ERPO / 3 5 H  A ZERO Lt luCTH bAR IS i\lOT P t K N I T T E U  / i iDD 4 5 0  
ERBN/ l 0 H  TllERE MUS, l O H T  6E AT L E D  10HAST U N t  J A B  R30 4 6 0  

lOHR / RvO rt70 
E R J N L I l O H  THERE t4U.59 l O H T  BE AT LE9 lOHAaT ThO NO, RuD 4 8 0  

lOHDAL POINTS/  RUD 490 
ERLN / 5 0 H  A RESTRAINT INDICATOR 1.5 OUT QF dOU1'435 /ROD 500 
ERFROW / 4 5 H  I luPUP DATA DISAGHEES WITH IviATCllCES ON TAPE9 /ROD 510 
ERLT / 5 0 H  LOnER REACTJON L I M I T  CLNFLICTS WITH UPPER L I M I T  /RDD 5 2 0  
E l i J N  / 1 0 H  A BAR U E F y l O H I N I T I O N  U591OHE5 AN UNUEslOHFINED NODAULD 530 

910rfL POINT / HuV 340 
ERJR /10H A bAR L K F , l O t + 1 N I T I O N  U b s l O H k S  Ah U W E i l O k F l N t D  POlNRiJU 550 

ERORD /40H lREOTQ CAN NGT BE LARGER THAN 102 / 

' v10r lT  TO D E F I N s l O H t  TtiE B i 3 W r l O H I N u . P L A k t s  / RuD 560 
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C 

C 

C 
C 

10 
C 
C 
C 

20 
30 
C 
C 

C 
40 
C 
C 

C 
C 
50 

C 
C 
C 

60 
C 
C 
C 

DATA ERFR /lOH A NODAL P,lOHOIlVT IS ASglOHSOCIATED 'N'SlOHITH AN UNDROD 5 7 0  
RDD 580 

DATA ERMT /10H A NODAL P91OHOINT IS ASvlOHSOCIATED WIlOHITH AN UNDRDD 590 
1 9 lOHEFINED HOM?lOHENT VECTOR/ RDD 600 
NAMELIST / INDATA / INDSFL, INDSFG, INDlSLs INDITR, ERRTOL9SOLVEC RDD 610 
1 rrs  RELAXF, INDRLX RDD 620 
2 9 INDRKT, INDhKT9 INDPLS, MINRST KiJD b30. 
3 9 IKDNMA9 IRWKP, AMASS9 IREDTO, INDWNMI TMAX KDD 640 

RDD 030 
READ (89140) ( (RJXYZ(INDX,J)rJ=l93) , ( I JRFM[ INDX,J )eJ "1 ,6 ) ,L I JALFM(RUD 660 

lINGXsJ)~J=192)9INDX=l9NJOINT) R3D 070 
RUD ob0 

IF (NJPNT.EQ+NJOINT) GO TO 10 RDD b40 
RbD 7 3 3  
ROD 719 

1 910HEFINED FOR91OHCE VECTOR / 

READ CODk 1 DATA 

READ CODE 2 DATA 
NJl=NJOINT+l ROO 720 

RDD 730 READ (8~1501 ( ( R J X Y Z ( I N D X I J ) , J = ~ P ~ ) ~ I N D X = N J I , N J P N T )  
CONTINUE ROD 740 

R03 750 
READ CODE 3 DATA ROD 7 0 0  

ROD 770 
IF (I'~LIMIT.EQ.O) GO TO 30 H 3 L )  760  
DO 20 I=l,NLIMIT R U D  7 4 5  
READ Lb9150) HLI~ITU(I),H~IMTL(I),DPRTIT(I) KLD 000 
CONTINUE RIA 010 

RLiO & 2 0  CONTINUE 
ROD 830 
RUD 840 

IF (NFORCEcEC.0) GO TO 40 RDD b 5 0  
READ (8,150) ( (FRCVCT( INDX,J) ,J=1,3) , INDXr l rNFORCE)  RUD 860 

IF (NMOMNT.EQ.0) GO TO 50 RDD 680 
RLJD oY0 

RtAD C2GE 5 UkTA HIJO 930 
l?EAD (8,150) L ( R M T V C T ( I N D % , J ) , J = l r 3 ) , I N D ~ = l ~ ~ M ~ ~ N T )  ROD 910 

RUD 420 
READ CODE 6 DATA RriD 930  

READ (8,150) ( I B A R P ( I N D X ) 9 I 6 A R O ( I N D X ) r l B A R K ( I N ~ X ) ~ ~ ~ ~ I N D X ) 9 B A R E A ~ I ~ 0 D  440 
1 N D X ) , U A R I N ( f N D X ) 9 B A R I T ( I N D X ) r B A K J ( I N D X ) 9 ~ A R Y M ( I N D X ) ~ ~ A ~ S M ~ I N D X ) 9 K ~ K ~ D  950 
2N( INDX),FKT(INDXI ?INDX=lrNt3AR) RDD 960 

RbD 97U 
CHECC BAR DEFINITION RJD Y8G 

READ CJDE 4 DATA 

RDD a70  

DO 63 IqlsNBAR 
IF ~ I ~ A R P ~ I ~ ~ G T ~ N J O I N T ~ O R o I B A R P ( I ~ . L T . 1 ~  CALL kRPNT1 (tRJN959-1) 
IF ~ I E A R Q ~ I ~ ~ G T * N J O I N T ~ O R . I B k H O o , L T o l ~  CALL EHPNTl (ERJN95r-1) 
IF tIBAIP(I).EQ.IBARQ(I)) CALL ERPNTl (ERPQ94,-11 
IF (16ARR(I)e6TeNJPNT) CALL ERPNTl (EkJKp7r-1) 

CHECK.JOINT DEFINITIONS FOR MISSING FORCES MOMENT VECTORS9 
AND RESTRAINT INFORMATION 

DO 80 I.=l,NJOINT 
DO 70 ..=196 . ,  

IF (IAES(K)*GTeNLIMIT) CALL ERPNTl (ERLN,5,-1) 
K = I  JRFP[ r ,J) 
IF (KaLE'eO) GO TO 7 0  

R3D 990 
RvDlQOO 
RljDlOlO 
ROD1020 
RDD103G 
ROD1040 
RDDiO5O 
RDDlObO 
RuD1070 
RDD1080 
RDDlOSO 
RDD1100 
ROD1110 
ROO1120 
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70  

80 

C 
C 
6 

C 
C 
C 

C 

90 
100 

C 
C 
C 

110 

I F  (RL IMTULK) .LE IHL IMTL(K) )  CALL E H P N T l  (EKLTr5 , -1 )  R D D l 1 3 0  
CONTINUE R 0 0 1 1 4 0  
IF ( I J A L F M 1 1 ~ 1 ) e G T o N F O R C E ~ ~ R ~ ~ ~ A L F M ~ ~ ~ l ) o L T ~ O )  CALL E H P N T l  (ERFR96RDDl lSO 

I D - 1 )  ROD1160 
I F  ~ I J A L F M ( I ~ Z ) e G T e N M O M N T . O R , I J A L F M ( I , 2 ) . L T ~ O ~  C A L L  E R P N T l  tEHMT96RDD1170 

1 D-1 )  
CONTINUE' 
CALL ERPNTZ 

I E4 I T  I AL 1 ZE DATA 

NRQW=6*NJOI NT 
INDITR=NROW*3 
I NUPLS=u 
I NDWKTaO 
I NDRKT=O 
MINRST=6 
I N D l S L = O  

I NDSFG=l 
I N D S F L = l  
R E L A X F = l o  
I NDRLX'O 

ERRTOL=rOOOl 

IREDTO=NROW 
I NOWNHtO 
N E I G V L m 1 1  
TMAX29999 e 

READ INDICATORS AND CONTROL DATA I N  BY NAMELIST 

READ ( 5 r I N D A T A )  
WRITE L 6 s l N D A T A )  
IF ~ I N D N M A . E P ' * O )  GO TO 103 

I F  (IRkDTOeEO*NKOh) bo TO 100 
I F  ( IREUTO.GT*102)  CALL i iRPNT1 (ERORUI~U-I.) 
IF ( I R I i D T O r G T * f i R Q h )  CALL EKPPiT1 (ERREUV4+-1) 
Jr IREDTO-1 
DO 90 I = l r J  
I F  (IRW~P(I).GEoIRWKPLI+l)) CALL E R P N T l  LEKKWKPIS*-~) 

I F  LINDRKTsEQIO~ e0 TO 130 

CHECK NORMAL MODE ANALYSIS DATA 

CONTINUE 

READ STRUCTURAL STIFFNESS MATRIX DATA AND LOCAL STIFFNESS 
AND TRANSFORMATION MATRICES 

REWIND 9 
REAO ( 9 )  NROWl 
IF (NROWsNEoNROWl) CALL E H P N T l  ( E R F R Q W e S r l J  , 

NROWl=NROWl+l 
READ (91 ( I R O W L ( I ) * l * l r N R D d l )  I 

ROD1180 
R D D l l P O  
RDDl2OO 
R U D l Z l O  
R I j D l Z Z O  
R d 3 1 2 3 0  
RDD1240 
R u l i l i S O  
R u u l L o Q  
R V G l L 7 J  
R b D 1 ~ 8 0  
R W 1 2 3 0  
RGD1300 
RDD13 10 
R u D 1 3 2 0  
RDD1330 
KJG1340 
R u U 1 3 5 0  
RUU1360 
R d D 1 3 7 0  
M O D l 3 , a c )  
R U U l 3 9 U  
Rv314uL) 
R G D l 4  10 
RUDL420 
RbG1430 
ROD1440 
RDDi450 
KUD1460 
RG01470 
K V 3 1 4 5 0  
KUDLG90 
RD31500 
HUO1510 
ROU1520 
RUoi530 
R L D l 5 4 0  
ROD1550 
RuVl>hO 
R b G 1 5 7 0  
RbD15130 
RL01530 
R u D l b u 0  
RbOlOlO 
ROOloLO 
R D D l b 3 0  
RuD1640 
ROD1650 
ROD1660 
RUD1670 
RDD1680 
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C 
C 
C 

120 

130 

C 
140 
150 
160 

READ ( 9 )  STRSTF(JJ1 
IF (INDNMAsNEeO) GO TO 130 

FILE 2 IS NOT NEEDED I F  OVERLAY 3 IS NOT CALLED 

REWIND 2 
DO 120 I=lsNBAR 
REAW'(9) [TRANSM(J91),J=199) 
WRITE (2) (TRANSM(J,l),J=lr9) 
READ ( 9 )  (STIFML(J,l),J=1,144) 
WRITE 12) ( S T I F M L ( J I ~ ) ~ J = ~ , ~ ~ ~ )  
IF (INClSL*NEeO) READ ( 9 )  (SOLVEC(I)rI=l,NROW) 
IF (NJOINTeLT.2) CALL ERPluTl IERJNLs4r-1) 
IF (NGAR.LT.1) CALL ERPNTl (ERBN94,-1) 
CALL ERPNTZ 
RETURN 

FORMAT (5X3ElOe.3rbI3t214) 
FORMAT (5X3E10.3) 
FORMAT (5X313rA3,€8*3r5~9.3,2F5.2) 
END 

R u D 16 9 0 
ROD1700 
RuD1710 
RJ017LO 
KUUl730 
RdD1740 
RoDi750 
R~Lil7 b 2  

* R301770 
RD01780 
RaJLi1790 
RODlaOO 
RODltrlO 
RuGioL3 
Ru01830 
Rdui340 
RdDla30 
RUOlEoO 
Rudlct70 
R D D ~ S ~ O  
RuD1890- 

282 



10 
C 

20 
C 
C 

30 

OVERLAY ( SASLPs 2s 0 1 
PROGRAM S T I F F  
COMMON COM(30)  
EQUIVALENCE ( CON( 7 ) e  IUAR 1 
EQUIVALENCE ( COM( 4 NBAR 1 
EQUIVALENCE f COM( 9 ) v  I N U S F L  ) 
EQUtVALENCE ( CQM( 10  1 )  INDSFG 1 

*? 

SET UP STRUCTURAL STIFFNESS MATRIX 

5 T I  10 
5 T I  20  
S T 1  30 
S T I  40 
STI 50 
S T I  60 
STI 70 
S T I  80 
ST1 90 

CALL SETSTF 5 T I  100 
S T I  110 

B U I L D  STRUCTURE STIFFNESS MATRIX dY SUMMING dAR STIFFNESS 5 T I  120  
MATRICE:, bT1 130 

C A L L  WRSTD1 S71 140 
DO 30 IBkR=l ,NBAR S T 1  i 5 u  

COMPilTt S T I F F N k S S  MATRIX AND TRAh~FQKMUTION MATRIX FON bAR > T I  160 
NUMBER I B A R  5 T I  170 

C A L L  STFTRN 5 r I  L O O  
S T 1  190 

SAVE LOCAL STIFFNESS M AND TRANSFORMATION 1.1 ON F I L E  T4PE2 

C A L L  WRSTDK 

C A L L  LVRBDAT 
CONTINUE 

C A L L  TRASMK 
I F  (1NDSFG.NE.O) GO TO 20 
C A L L  bRSTRA 
CONTINUE 

I F  IINDSFL.NE~O) GO TO i o  

TRANSFORM BAR STIFFNESS MATRIX TO GLOEAL CUORUINATL: SYSTEM 

PLACE TRANSFORMED BAR STIFFNESS MATRIX I N  STRJCTURAL 
STIFFNESS MATRIX 

CALL STORSM 
CONTINUE 
RETURN 
END 

j T 1  L O 0  
S T I  210 
S T I  L Z O  
5 T I  2 3 0  
S T I  240 
5 T I  2 5 3  
> T I   ad 
S T I  270  
STI ~ i ( u  
$ T I  190 
S T I  335 
ST1 310 
S T I  320 
STI 930 
S T I  340  
STI 350 
STI 3bO- 
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C 
C 
C 

10 
C 

20 
C 

30 
C 
C 
C 

40 

90 

60 

70 

SUBROUTINE SETSTF StT 10 
COPiMON COY ( 30 1 btT 20  
EQUIVALENCE ( COM( 1)s NJOINT 1 StT 30 
EQUIVALENCE ( C O X (  4 )  9 NBAR ) btT 40 
EQUIVALENCE ( COMf 8 1 9  NROW 1 SLT 50 
DIMSNSION IOARP(1)9 IBARO(l), STRSTF(1)B ISTSTF(1)s ILSET(74r74) StT 60 
1 9 IROWL(1) SET 70 

SET 80 COMMOhr / CMAIN / COMAIN ( 1 ) 
SET 90 
SET 100 

EQUIVALENCE ( COMAIN(133719 IEARP 1 
EQUIVALENCE ( COXAIN(14lllo IBARQ ) 
EGUIVALENCE ( COMAIN(2711)9 IROWL 1 SET 110 
EQUIVALEPiCE ( COMkIN(3156)9,STKSTFs ISTSTF, ILSET ) SET 120 
DIMENSI.ON ILSETN(74) SET i30 
DIMENSION NZPRW(74) StT 1 4 0  
DATA NZPRW / 74*0 / StT 150 
NULL=NJOINT/E SET 160 

StT 170  
COMPILE AN ARRAY OF RELATED NODAL POINTS TO SET-UP STIFFNESS MSrT 1bO 

SET 190 
DO 10 Iz19NULL SET 200 
I LSET( 191 ) = I  StT 210 
NZPRa(I)=NZPRN(I)+l StT 220 

StT 230 
00 20 I=lrNBAR SET 240 
IP=IBARP(I) S E T  ~ 5 0  
IQ=IBARQ(I) sLT ~ o i i  
NRP=NZPRW(IP)+l SLT 270 
NRQ=NZPRW(IQ)+l SET ~ 8 0  
hiZPR\,I ( I P 1 =NRP StT 290 
NZPRW(IQ)=NRQ SET 300 
ILSET(IP,NRP)=IQ SET 310 
I LSET ( I Q  ,NRQ !=IP 

NULL=hULL+l 

NRP=NZPRW(I)+l 
DO 30 I=NULL,NJOINT 

NZFRk ( I )=NRP 
I LSET( IpNRP) =I 

SORT ABOVE ARRkY BY NODAL POINT 

DO 90 I=l,NJOINT 

IF (NRO.EQ.1) GO TO 90 

DO 80 Jz2sNRQ 
IF (ILSET(I,J-l)-ILSET(IpJ)) 80950,70 
NRQ=NRS-l 
NZPRbw ( I 1 =NRQ 
GO 60 L=J,NRQ 
ILSET(I~L)=ILSET(IIL+~) . 
GO TO 40 
PiULL=ILSET(IoJ) 
ILSET(I9J)=ILSET(IvJ-l) 
ILSET( I'sJ-1 )=NULL 

NRQ=NZPRW(I 1 

NRP=O 

NRP=l 

ScT 320 
SLT 3 3 0  
5iT 340 
5rT 350 
5tT 300 
s t T  370 
SkT 3 6 0  
SLT 390 
SET 400 
bCT 4 1 0  
SLT 420  
SkT 430 
SET 440 
S t T  450 
StT 4 5 0  
StT 471) 
bcT 480  
~ L T  4 3 0  
$ET 500  
StT 510 
SET 520  
5kT 530 
SET 5 4 0  
StT 550 
SET 560 
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80 

90 
C 
C 
C 

100 
C 
C 
C 

C 

110 

C 

120 

C 

130 
140 

CONTINUE 
IF (NRPeNEoO) GO TO 40 
CONTINUE 

WRlTE ARRAY ON FILE 1 

REWIND 1 
DO 100 I=lrNJOXNT 
NRQ=NZPRW(I) * 
WRITE (1) (ILSET(IgJ)rJ=lrNRQ) 

BUILD STIFFNESS MATRIX STORAGE ARRAY 

REWIND 1 
NULL=l 
NROW=O 
DO 140 I=lrNJOINT 
NRP=NZPRh ( I 1 
NRO=7*NRP+l 
READ ( 1 )  (ILSETN(J),J=lrNRP) 
NFIRST=NULL+l 
N ROW = I\! RO W+ 1 

DO 110 JzNULLsNRQ 
STRSTF(J)=OoO 
ISTSTF(NULL)=-NROW 
I ROuL ( hROW 1 =NULL 
NULL=NFIRST 

DO 120 J=lsNRP 
ISTSTF(NULL)=(6U(ILSETN(J)-l)+l~ 
NULL=KULL+? 
NLASToNULL-1 

GO 130 L=1,5 
NROb!=NROW+l 
ISTSTF(NULL)=-NROW 
IROWL[NROW)=NULL 
NULLSNULLt1 
DO 130 J=NFIRST,NLAST 
STRSTF(NbLL)=bTRbTF(J) 
NULL=NULL+l 
CONT I NUL 
lSTSTF(NULL)e-l 
IROWL(NROW+1)=NULL 
RETURN 
END 

~ L T  570 
5cT > b o  
ScT IYJ 
S r T  6UU 
scT b l 0  
acT OZU 
ScT bju 
StT 640 
S t T  050 
5tT 000 
SkT 670 
bkT 660 
ScT 690 
srT 7b0 
SLT 713 
3L1 7LO 
bstT 790 
bcT 740 
s t T  7 5 0  
sET 760 
3tT 7 7 0  
SET 780 
SLT 790 
StT 000 
S L T  010 
~ L T  620 
~ L T  b ~ d  
5LT b 4 0  
StT 050  
S r T  do0 
5 t T  b7U 
SLT uB0 
SET 690 
ScT 900 
StT '510 
SLT 3 2 0  
ScT r 3 0  
S t T  540 
SLT 450 
scT 960 
SOT y7L) 
bcT 960  
~ L T  9 7 0  
ScTl(i30 
b t T l O l O  
S E T 1 0 2 0  
5tT1038- 
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S T F  10 SUBROUTINE STFTRN 
COFIMON COM ( 3 0 )  S T F  20  
EQUIVALENCE ( COM( 6)s I T I N J O  1 5 T F  3 0  
EQUIVALENCE ( COi4( 7 1 9  I b A K  S T F  40 
D I M E N S I O N  S l D E M ( 1 4 4 )  S T F  5 0  

S T F  60 EQUIVALENCE ( S T I F M L I  S l O E M  1 
DIWENSI%N I B A R P ( 1 ) s  I B A K Q ( l ) ,  I t i A R R ( 1 ) s  B A R E A ( l 1 o  B A R . I N ( l ) ,  S T F  70 

1 B A R I T ( 1 ) e  B A R J ( 1 1 ,  E A R Y M ( l ) *  B A R S M ( 1 ) S  R J X Y Z ( 1 0 0 n 3 )  S T F  8 0  
S T F  90 COI*ll",ON / C K A I N  / C O M A I N ( 1 )  
S T F  150 EQUIVALENCE ( C O M A I N ( 1 3 3 7 )  9 I B A R P  ) 

ECUIVALENCE ( C O M A I N l 1 4 1 1 ) 9  I B A R Q  ) S T F  110 
E Q U I V A L E h C E  ( C O M A I N ( 1 4 8 5 ) ,  I f i A R R  ) STF  120  
EQUIVALENCE ( COI;AIN(  1 ) I )  R J X Y Z  ) . S T F  i30 
EQUIVALENCE ( C O I " I A I i X ( 1 5 5 9 ) 9  b A H k A  ) 5 T F  i 4 G  
EQUIVALENCE ( C O i 4 A I N ( 1 6 3 3 ) 9  6 A R I N  1 S T F  i50 
EQUIVALENCE ( C O M A I N ( 1 7 0 7 ) 9  B A R I T  1 5 T F  lau 

S T F  17 i r  E Q U I V A L E k C E  ( CO+lAIN( l781)  9 B A K J  ) 
EGUIVALENCE ( C O M A I N ( 1 8 5 5 ) r  GARYM ) S T F  1 6 0  
ECUIVALENCE ( C O i ' 4 k i N ( 1 9 2 9 ) ,  BARSM ) S T F  190  
CCNMON / OVER2 / S T I  FML ( 12 I 1 2  1 9 TRANS4 ( 3 9 3  1 S T F  200 
COMMON / LDATA / K S ( 7 4 )  9 R K N ( 7 4 )  9 RKT ( 7 4 )  S T F  210 
DATA 1 3 B L K  / 3 H  / S T F  2 2 0  
I T I N J O = l  S T F  230  

1-0 STF 250  
I P = I B A R P ( I B A R I  5 T F  260 
I Q = I b A R O ( I B A R 1  S T F  270 
I R = I b A Z R ( I B A R )  s T F  260 

C S T F  2 9 3  
C COMPUTE U N I T  VECTORS ALONG LOCAL A X I S  FOR G L S d A L  COORDINATc  S T F  300 
C TRANSFORMATION M A T R I X  S T F  510 

X = R J X Y Z ( I Q 9 1 ) - R J X Y Z ( I P , 1 )  S T F  3 2 0  
Y = R J X Y Z ( I Q , 2 ) - R J X Y Z ( I P 1 2 ]  S T F  3 3 0  
Z=RJXYZ(IQ,3)-RJXYZ(IP,3) S T F  3 4 0  
BARLGT=SGRT(X*X+Y*Y+Z*Z) STF 3 5 0  
T R A f t S K ( 1 9 i ) = X / E A R L G T  S T F  3 b O  
T R A N S M ( 1 9 2 ) = Y / G A R L G T  S T F  3 7 0  
TRANS+i( 1 , 3 ) = Z / B A K L G T  S T F  5 b 0  
I F  ( I T I N J O e N E e O )  GO TO 20 S T F  5 9 0  
DO 10 I = 2 9 3  S T F  4 0 0  
DO 10 J = 1 ~ 3  S T f  410 

10 T R A N S M ( I 9 J ) = O * O  S T F  4 2 0  
. GO TO 3 0  S T F  430 

20 CONTINUE S T F  440 
X=RJXYZ(IRel)-RJXYZ(IP,1) 5 T F  450 
Y=RJXYZ(IR,2)-RJXYZ(IP,2) S T F  460 
Z = R J X Y Z ( I R , 3 ) - R J X Y Z ( I P 1 3 )  S T F  470 
D P D = T R A N S M ( 1 ~ 1 ) * X + T R A N S M [ 1 , 2 ) + Y + T R A N S M ( l ~ 3 l * Z  S T F  460 

S T F  430  DDR=SCRT(X*X+Y*Y+Z*Z-DPU90PU) 
T R A N S M ( ~ S ~ ) = ( X - T R A N S M ( ~ , ~ ) ~ U P D ) / D ~ R  S T F  3 0 0  
T ~ k N S ~ ( 2 , 2 ) = ( Y - T R A ~ S ~ i l l 9 2 ) * ~ P ~ ~ / G ~ R  S T F  313 
TRANSM ( 2 9 3 ) = (Z-TRANSM( 1 $ 3  1 *DPD 1 /DOR S T F  520 
TRANSM ( 3  9 1 ) =TRANSM ( .192  1 *TRANSEJ,( 2 9 3 I -TRANSM ( 2  92 )*TRANSM (1 93  ) S T F  5 5 3  
T R A N S M ( 3 9 2 ) = - T R A N S M ( l ~ l ) * T R A N S M ( 2 , 3 ) + T R A N S M ( 2 9 l ) * T R ~ N ~ ~ ( l ~ 3 )  S T F  340 
TRANSM( 3 9 3 )  =TKANSM ( 1 9  1) *TRANSN( 2 r 2 ) - T R k N S N ( 2  9 1 )*TRA&Si4 ( 1 e2 1 b T F  5 3 0  

C S T F  560 

I F  ( A B S ( G A H I T ~ I B k R ) ) + A B S ( B A R I N ( I G A R ) ) + A B S ( a A R J ~ I D A R ~ ~ * E t i ~ O ~  I T I N J O S T F  2 4 0  
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C 
C 
30 
C 
C 
C 

40 
C 
C 
C 

C 
C 
c 
C 

50, 
60 

70 
80 

COMPUTE STIFFNESS MATRIX 

CONTINUE 

ZERO RIGHT HALF OF STIFFNESS MATRIX 

DO 4‘0 1-1912 
DO 40 J=I912 
STIFML(IIJ)=O~O 

FILL LEFT HALF OF STIFFNESS MATRIX AND THE DIAGGNAL 

STF 570 
STF 500 
5TF 590 
bTF b00 
STF 010 
STF 0 2 0  
LTF 030 
bTF b4U 
STF 650 
bTF 660 
STF 670 
STF 680 
STF 6 4 0  
STF 700 
STF 710 
STF 7 ~ 0  
STF 75u 
STF 740 
5TF 750  
bTF 7 b O  

5TF STF 770 780 
STF 7 ~ 0  
5TF 000 
STF a 1 0  
STF 823 
STF a30  
bTF 040 
LTF a 2 3  
5TF 061) 
brF b70 
5Ti- 6aQ 
bTF O Y U  
5TF 900 
STF 310 
STF 9 2 s  
STF r 3 3  
STF 940 
STF 950 
STF yo0 
bTF 571, 
sTi 96(3 
STf 539  
STFlGui) 
STF1010 
STF1020 
STF1030 
STFlOGO 
STF10>0 
STF1060 
STF1070 
STF10t0 
STF10y0 
STi-1190 
STFlllO 
STFllZO 
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C 
C 
C 

90 

100 

110 
C 
C 
C 

C 
C 
6 
120 

I F  ( IRoEQ.1)  GO TO 120 
I F  ( IPeEQeO)  GO TO 120 

Y MOMENT FREE 

X = l e / ( 4 o + A T )  
STIFMkd 3 13 1 =X*STI FML ( 3  9 3 
S T I F M L ( 3 , 6 ) = X * S T I F M L ( 3 , 6 )  
STIFML ( 6  9 6 )  =X*STIFWiL ( 6 9  6 
STIFML ( 6  9 11 1=0*0 
I F  (IP.EQ.2) GO TO 90 
I = l l  
J= 8 
GO TO 100 
1=8 
J=ll 
CONTINUE 
Y=X+X 
STIFML ( 3  9 I 1 =Y*STIFCIL ( 3 a I ) 
ST I FktL ( 6 9 I ) =Y * S  T I FWL ( 6 1) I ) 
Y=Y+X 
S T I F M L ( 1  , I  )=Y*STIFML(6,  I )  
STIFML(3rJ)=O.O 
STIFML ( 6  9 J) ~ 0 . 0  
S T I  FHL ( J  9 J 1 =O* 0 
I F  LIQeNE.0) GO TO 130 

2 MOMENT NOT FREE 

I F  (RKN(IBAR)*EQ.O.O) GO TO 160 
X = l * / ( l . + A N )  
STIFML (2 32 ) =X*STI FML ( 2 92 1 
S T I F M L ( 2 , 5 ) = X * S T I F ~ L ( i , 5 1  
S T I F M L ( 2 , 9 ) = X * S T I F M L O  
S T I F ~ L ( 2 r l 2 ) = X * ~ T I F M L ( 2 r l Z )  
ST I F K L  (5 9 5 )  =X*STIFC!L ( 5  9 5 1 
S T I  FML I5 99)  =X* ST I FML ( 5 9 4 ) 
S T I F M L ( 5  912 )=X*STIFML( 5 9  1 2 )  
X=1.-30/ (40*(1.+1. /AN))  
STIFML ( ?  99 ) =X*STI FML ( 9  r 4  I 
STIFML(9,12)=(1~-3o/(2.,(1.+1./AN)))*STIFML~9~12) 
S T I Fivl L ( 1 2 9 1 2 ) = X *S T I F M L ( 1 2 9 1 2 1 
GO TO 1 6 0  

Y MOMENT NOT FREE 

STF1130 
STF1140 
STF11SO 
S T F l l b O  
STF1170 
S T F i i E O  
S T F l i 9 0  
bTFiZOi,  
S T F i L l O  
5 T F i i L o  
b T F 1 L j O  
h T t l Z 4 i )  
L T F i 2 5 0  
S T F l i t j O  
STF1270 
STFlZEO 
STFlL' iO 
STF1300 
S T F i 2 1 0  
s T F 1 ~ 2 0  
5 T F i 3 3 0  
S T F i 3 4 0  
STF1350 
STFlSoO 
S T F l 3 7 0  
STF i3aO 
STF1390 
STF1400 
S T F i 4 1 0  
S T F i 4 2 0  
STF14J0  
STF1440 
S T F i 4 5 O  
STF l4oO 
9 T F i 4 7 0  
STF14dO 
STFi+yO 
S T F l 5 0 0  
STF1510 
STF1520 
STF1530 
STF i54O 
S T F i 5 5 S  
t iTF i3bO 
bTF1370  
LTFl>bLI 
5TF13YO 
S T F l b 0 0  
S T F i o l Q  
S T F i 6 2 0  
STF1630 
STF1640 
S T F i 6 5 0  
STF1660 
STF1670 
S T F i o 8 0  

288 



APPENUIX F 

C 
C 
C 
130 

140 

150 

C 
C 
C 
160 

170 

C 
180 

IF ( I U e E Q . 2 )  GO TO 140 
111.2 
J= 9 
GO TO 150 
1=9 
J=12 
CON T I NUE 
Y=X+X 
STIFML(2rI)=Y*STIFML(2,1) 
S T I F M L ( ~ , I ) P Y * S T I F M L ( ~ ~ I )  
Y=Y+X 

STI FML ( 2  9J) ~ 0 . 0  
STIFML(SrJ)=O.O 
STIFML(JtJ)=O*O 

S T I F M L ( J , I ) = Y * S T I F M L L ~ ~ ; ~ ~ )  

FILL LEFT HALF OF STIFFNESS MATRIX 

CONTINUE 
DO 170 I=l*ll 
I I = I + 1  
RO 170 J=II 912 
STIFML(JII)=STIEML(I~J) 
RETURlv 

FORMAT (311) 
END 

bTFib.30 
STF1700 
STF171G 
STF1720 
STF1730 
STF1740 
STf-1750 
STF17bO 
STF1770 
bTF17o3 
STF17JO 
bTFloOO 
b T f i d l u  
STF1820 
STPlo2O 
STFlaqO 
STFl&50 
STF18o0 
STFA070 
STFlabO 
STFlb9O 
STF1.100 
STFlrlCl 
a T F i Y 2 O  
s r r l r 2 u  
STFlY40 
STFlY5O 
STF1960 
bTFlY70 
S T F 1.9 8 0 
5TF19.30 
STF2000 
STrLG10 
STFLD2O 
STFLOii) 
STFLU40 
s T F ~ 0 3 0  
STFLOoO 
S T F L G 7 0 -  
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C 
C 
C 

10  

20  
C 
C 
C 
C 

30 

40 
C 
C 
C 
C 
C 

59 

60 

SUBROUTINE TRASMK 
COMMON CON ( 30 1 
E Q U I V A L E N C E  ( COM( 6 ) ~  I T I N J O  1 
COMMON / OVER2 / S T I F M L ( 1 2 9 1 2 )  9 T R A N S M ( 3 9 3 )  
D I M E N S I O K  A ( 1 2 )  9 I J ( 4 )  9 I J C ( 1 2 )  
D I M E N S I O N  I R C ( 1 2 )  
EOU f V A L E N C E (  AXFI S T  I FML ( 1 9  1) 1 
DATA r“J / 093,699 / 
DATA I J C  / 3 * 0 9  3*3r  3*69 3*9 / 
DATA I R C  / lr2,3~1,2~3,lr2~3rl~’2,3 / 
I T I N J O = l  

I F  THERE IS B E N D I N G  GO TO 8 

I F  ( I T I N J O e N E e O )  GO TO 20 
DO 10 I = l r 3  
DO 10 J=1,3 
AHOLD=AXF*TRANSM( 1 ,J ) *TRANSM(  1 9  I )  
S T I F M L ( I I J ) = A H O L U  
S T I F M L ( 1  , J+3 )= -AhOLD 
S T  I F M L  ( 1 +3 9 J =-AHOLD 
S T I F M L ( I + 3 r J + 3 ) = A H O L D  
RET’JHN 
C O N T I N U E  

M U L T I P L Y  TRANSFORMATION M A T R I X  T I W E S  S T I F F N E L S  M A T R I X  
STORE RESULT I N  S T I F F N L S S  K A T n I X  

DO 40 K = 1 , 1 2  
I CR=O 
DC 30 I C x 1 ~ 4  
DO 3 2  1=1,3 
I C R = I C R + l  
A ( I C R ) = O e O  
DO 3 0  J = 1 , 3  

I F  ( S T I F M L ( K , J J ) . E Q * O . )  GO TO 30 
A ( I C R ) = A ( I C R ) + S T I F M L ( K , J J ) * T R A N S V l ( J , I )  
CONT I NUE 
DO 45 J = 1 9 1 2  
ST  I F d L  ( K  9 J ) = A (  J 1 

J J = J + I J ( I C )  

M U L T I P L Y  T h E  RESULT OF T H t  A B G V t  T I M E S  T h t  T K A N S P 3 S t  OF 
TRANSFORMATION M A T R I X  

DO 60  K = 1 9 1 2  
90 5 0  I C R = K s 1 2  
A ( I C R ) = U e O  

DO 50  J = l r 3  
I = I R C (  I C R )  

J J = J + I J C ( I C R )  
k ( I C K ) = A ( I L R ) + S T i F ~ ~ L ( J J , K ) U T R ~ ~ ~ ~ ( J 9 1 )  
00 60 J=i;r l2 
S T I F & i L ( 4 s < ) = A ( J )  
DO 70 I = l r l l  

TRA 10 
T k A  20 
TXA 30 
TRA 40 
TRA 50  
T k A  60 
TKA 70 

TKA YO 
TIU a5  

THA 100 
TRA 110 
T i iA  120 
Tl iA 130 
T l i k  140 
T I 4  150 
T ~ A  1 b O  
TKM 173 
TKA 100 

T h n  L O G  
T ~ A  L ; S  
TKH LZO 

T K n  190 

T n h  L J O  
TKA ~ 4 3  
T I ~ M  1 3 0  
T h n  L O O  
TKH ~ 7 0  
TKA L O ( I  

T k n  L 9 O  
TKA 330 
TKA 310 
T k h  JLU 
T!+i 5 ~ u  
T i r n  > S O  
T i i n  3 9 0  
T k n  J U O  
T l iH  3 7 0  
T i i ~  ~ d 0  
TKM 3 9 0  
TKA 400  
TKA 410 
T t h  420 
TRH 430 

THL T R n  440 
T R k  430 
T d A  4 6 0  
T d A  470 
TRA 460 
T k A  4 3 0  
TAA 500 
TRA 510  
THA 320 
T k A  530 
T h A  340  
T k n  5 5 0  
Trih 5 6 0  
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I C = I + l  
00 70 JZICpl2 
STIFML 7~ 

C 
C AS A RESULT OF THE CI&:OVE, STIFML CONTAiluS Tnt STlFFNESS 
C M A T R I X  TRANSFOKXED TO THE GLObkL CGORUIhATC SYSTEM 
c 

1 9 J) =ST IFML (J s I ) 

RET U Rlu 
LND u 
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C 
C 
C 

10 

20 

30 

C 
C 
C 

40 

5 0  

60 
C 
C 

SUBROUTINE STURSiYl 
COMMON COK(3O) 
EQUIVALENCE ( COM( 619 ITINJO 1 
EQUIVALENCE ( COM( 7 ) s  IGAR 
DINENSION IbARP(119 IoARCi(l)r IRShL(l), STkbTF(1)r I5TSTFll) 
CONMON / CXAIK / COMAIN(1) 

EQUIV-ALEKCE ( C014AIN(1411) 9 IBARb 1 
EQUIVALtNCE ( CUi'ikIh(2711), IkwKL ) 
EOUIVALtkCE L CuIViAIN(3156) 9 STKSTF, IaTSTF 1 
COMMOM / OVERi / STIF~XL(12912) I) TRANbri(393) 

EQUIVALENCE ( C3a1AIN(13371? ISARP ) 

DIMENSICh IRCL3(6), IRC24(6) 
DATA IHC13 / 1 9  L9 3, 7r c ( 9  9 / 
DATA IHC24 / 49 59 69 109 11, 12 / 
ISP= ( IaAdP ( I bAH 1-1 1 *6+ 1 
ISQ=LIBARQlIB~R)-1)+6+1 

FIND INCREMENT FROM START OF ROvJ P TO COLUiWS P AND Q 
CALL IPP AND IPC 

Jl-0 
II=IRGWL(ISP) 
Il=I I+1 
IF (ISTSTF(I1)etUEeISP) GO TO 20 
IPP=Il-I1 
Jl=Jl+l 
GO TO 30 
IF (ISTSTF(Il).NEeISQ) GO TO 30 
KPQ= 11-1 I 
Jl=Jl+l 
I1=11+7 
IF (JleNE.2) GO TO 10 

ADD TO THE 6 P ROWS 

IF (ITINJOeNEeO) GO TO 40 
Il=II+IPP+l 
STRSTF(Il)=STRSTF(Il)+STIFML(l~l) 
II=II+IPQ+l 
STRSTF(Il)=STRSTF(Il)+STIFML(1,4) 
GO TO 70 
CONT I NUE 
DO 60 I = l r 6  
IPS1 I+IPP 
IQ=I I+IPQ 
Il=IRC13(1) 
DO 50 J=1,6 
Jl=IRC13(J) 
JJ=IP+J 

Jl=IRC24( J) 
JJ=IQ+J 

J1= ISP+I 
II=IROWL(Jl) 

STRSTF(JJ)=STRSTF(JJ)+STIFML(Il,Jl) 

STRSTF(JJ)=STHSTF(JJ)+STIFI~L(IJ.~J~) 

FIND INCHEbIENT FROM START OF KOW w TO C3UMNS P AhD L) 

STO 10 
STO 20  
STO 30 
STO 40 
STO 50 
STO 60 
STU 70 
STO 80 
STG 90 
STC, 100 
STG 110 
STO 120 
STO 130 
STO 140 
STO 150 
STO 160 
STU 170 
STO l & O  
STG 190 
STCl LOO 
S T O  210 
STC, 220 
STO 230 
STO 240 
STir 250 
STO 260 
STO 270 

STO 290 
STO 300 
STO 310 
STO 320 
STO 330 
STO 340 
STO 350 
STO 360 

STO 280  

STO 370 
STO 380 
STO 390 
STO 400 
STO 410 
STO 420 
STO 430 
STO 440 
STO 450 
STO 460 
STL, 470 
STO 480 
STO 490 
STO 500 
STO 510 
STO 520 
STO 530 
STO 540 
STii 550 
STO 560 
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C 
70  

80 

90 

lU0 

C 
C 
C 

110 

120 

130 

CALL IPP 
CObi T I NUE 
Jl=O 
II=IROWL(ISQ) 
Il=I It1 
IF (ISTSTF(l.1)eNEeISQ) GO TQ 90 
IOQ=Il-I I 
Jl=J1+1 n 

GO TO 100 

I QP= 11-1 I 
Jl=J1+1 
11=11+7 

IF (ISTSTF(I1)eNEeISP) GO TO 300 

I F  (Jl.Nk.2) 60 TO 60 

ADD TO THE 6 W ROWS 

IF (1TINJO.NE.O) GG TO 110 
Il=II+IQQ+l 
STRSTF(Il)=STRSTF(Il)~STIFML(4rl) 
Il=II+IQP+l 
STRST~(Il)=STHSTFLIl)*STIFML(4,4) 
RETURN 
CONT I NbE 
L O  130 1 ~ 1 9 6  
IQ=LI+IOU 
IP=II+IQP 
11=1KC24( I) 
30 120 Jalr6 
Jl=IRC13(J) 
J J= I P + J  
STXSTF(JJ)=STRSTF( JJ)+STIFML( I l r  J1) 
Jl=IRC24( J) 
JJ+ 14+J 
STXSTF(JJ)rSTRSTF(JJ)+STIF~lL~IlrJ1) 
JlsI SU+I 
II=IHOdL(Jl) 
RETbiilU 
END 

bTU 270 
STO 580 
S T O  5 Y G  
STO 600 
S T O  610 
S T G  620 
SfO 630 
STG 640 
STO 650 
STO 660 
STL, 670 
STC 680 
S T V  690  
ST3 700 
S T 0  710 
STG 720 
STU 730 
S T O  740 
STG 750 
S T G  760 
S T O  770 
5T3 760 
b T G  790 
STu 000 
STcr t i l0  
STU a20 
STO 620 
S T u  ( ~ 4 0  
STU 0 5 0  
S T U  a 0 0  
STG 870 
S T J  d a 0  
STO 891) 
STL, 900 
STu 910 
sTcl j L 0  
STu 930  
S T u  94G 
STO 950- 
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C 
C 
C 
C 

C 
C 
C 

C 
10 

20  

SUOROUTI NE WRBDAT 
COMMON CON ( 30 1 
E Q U I V A L E N C E  ( COM( 71 9 I a A R  1 
COWWN / OVER2 / S T I F M L ( I Z r 1 2 )  9 T R A N S M 1 3 9 3 J  
D I M E N S I O N  I BAKP ( 1) 9 I C A X O  ( 1 ) 
COMMObi / CiSIAIN / C O M A I N ( 1 1  
E Q U I V A L E N C € ' (  COMAIN(13371, I t iARP 1 

' E O U I V f A E K C E  ( COMAii\ i (  1411 1 9  I t W l i L I  1 

I F  I N O S F L  .NE* 0, P R I N T  LOCAL STIFFJqESS M A T R I X  A&D 
TRANSFURMATION W A T K I X ' F O R  ~ x i R ( 1 )  

W R I T E  (69lCJ ~ E A R ~ I ~ A R P ~ I ~ k R l r I S A R ~ ~ ~ ~ A ~ ~ ~ ~ ~ S T I F M L ( I , J ~ ~ J ~ l ~ l 2 l ~ I  

RETURN 
l l , l Z ) , ( ( T R A N S M ( I t J )  9J=1931rI=193) 

W2s 10 
WRd 2 0  
W k 3  3 0  
Whd 40 
W R B  50 
k'R0 60 
#'#a 70 
hKd B O  

NRc, 100 
r /Rd  110 

WKJ Y O  

bl<D 120 
=,.REi 130 

W ~ U  i40 
Mil20 150 
btko 163 

IF I N D S F G  .NE. 0 1  P R I N T  THE TRANSFORKED LOCAL S T I F F K S S  P lATRIX  w K i 3  173  
; i K s  160 

L N T K Y  BRSTRA <"&2 r 'J9 
i J K b  200 

Uh3 2 2 0  
FORMAT ( 1 3 H 1  BAR NUXBER 1 4 / 9 2 5 H 0  POINT P IS KODAL P O I N T  1 4 / ~ 2 5 t I  PVHO 230 

l G I & T  5 IS NCDAL P S I K T  14/ -18hO S T I F F N E S S  M k T K I X / / , 1 2 ( 1 2 c l . ; . ~ r / )  9i5Wkd 240 

, , - ,  

I Ti ( 6  r2C 1 ( ( ST I FML ( I r J  I t J = l 9  12 1 t I =1, 12 1 
iZETcrRN & k G  L l o  

2H0 TRANSFOR%AT IO[?; @ T t i I X ' / /  93 ( 3Ell. 3 9 / 1 1 h'Kd 2 5 0  
FORNAT 130HO TRANSFORXED STIFFNESS,MATRIX//t~12(12El1~3r/)1 biRa 2 b o  
END NRd' L 7 0 -  
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SUbROUTINE WRSTOK 
COKMON / OVER2 / STIFML(12rl21~ THANSML3r3) 

WRITE LOCAL STIFFNtSS A N  ASSOCIATtD TRAl\lbFORI:lrZTIUi~ 
MATRICES ON FILE 2 FOR LATER USE IN FMBARS (ANDv IF 
IND’dKT *NE* 0, IN PANDTKI 

h’RITE,(2) ( ( T R A N S M ( I I J I , J = ~ , ~ ) ~ I = ~ , ~ )  
WRITE 12) ((S~,IFIIL(I~J) s J ~ 1 ~ 1 2 ~ ~ 1 ~ 1 ~ 1 2 ~  
HETURN 

R E M I N D  2 
RETURN 
EN! 

ENTRY WRSTD1- 
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OVERLAY ( S A S L P 9  3 9  0 1 
PROGRAW F I N I A L  F I N  10 
D I M E N S I O N  S O L V E C (  1)  F I N  2 0  
COMllrlOlU COM ( 30 ) F I N  30 
E Q U I V A L E N C E  ( COtv1(16)  9 INDVKT 1 F I N  40 
E Q U I V A L E N C E  (. COi4( 8 )  Y NIIOW ) F I N  50 

EQUIV&ENCE ( C O k A I N ( 2 0 0 3 )  9 S O L V E C  ) F I N  70 

PANDTKI P R I k T S  THE NO11 ZliHCi t L k X t E u T S  O F  THE 3TKUCTtJRAL F I h  Y O  
S T I F F N t S S  MATRIX AhD C O N D t i \ i S t  T H E  6LUCIC STOKALE' NHI-RE F 1 N  100 

P O S S I B L E  F I h  110 
C A L L  PANDTK F I i v  120 

S O L V E  F I h  140 
F I N  150 
F I N  is0 C A L L  S t i L V E  

I F  ( I N G W K T e E Q - 0 )  GO TO 10 F I i q  i 7 0  
l v R I T E  ( 9 )  ( S O L V E C ( I ) , I = l , N K O ' d )  F I N  180 
ENL F I L E  9 F I i l  19i) 
C O N T I N U E  F I i u  200 

F I i q  L l i )  
CALCULATE LOCAL FORCE-MOMENT VECTORS Fiih EACh 6 A t i  F I J ~  L L C J  

F I h  233 
C A L L  F K B A R S  F I I v  240 
RETURN F I N  250 
END . F I N  260-  

COXPiGK / C X A I N  / C O M A I N ( 1 )  F I N  6 0  - 
F l i n  

F I i i  13; 

c 
C 
C 
C 

C 
C 
C 

i3 
C 
C 
C 

296 
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C 
C 
C 
C 

1U 
C 
C 
C 
C 

20 

30 
40 

53  
c 
c 
C 
C 
C 

SUBROUTINE PAKDTK 
COi4iWu C0i.i ( 30 
EQUIVALENCE ( COS';( 8 )  e NROW ) 
EQUIVALLNCE ( COl"1(16)r lNliNltT 
EQUIVALENCE ( CON( 4 1 s  N%AR ) 
ii I NENS I ON I ROh' L ( 1 1 9 S TiiS T F ( 1 ) 9 I S T ST F L 1 ) 9 S TFD I A ( 1 1 9 
1 STIFML(12rl2), TdANSM(393)r STF(l)r ISTF(1) 
COIWON 1 CMAIK / COMAIN( 1) 
EQUIVALENCE ( COMAIK(27ll)r IROblL ) 
EOUIVALEhCE ""( COMkIN(3156) 9 STKSTF, ISTSTF . I  
EQUIVALEKCE ( CO&lAIN(1559), STFDIA ) 
EQUlVkLEKCE L CWIAIN( 1 1,  STIFt4L 
EQUIVALENCE ( COi.:AIN( 1 4 5 ) ~  TRANSivl ) 
COWlON / OVili3 / iu; l i3(519)  
ECUIVALEhCE ( CGM3( 1 I t  STFs ISTF 
DATA LGIA9 CLDIA / 0 9 0 1 
IF (INCWKT.EQe0) bCl TO 10 

LtRITE THE NO. OF ROUS AND THERE LGCATEO IN STIFFNESS MATRIX 
ON FILE 9 

REWIND 9 
WRITE (9) NRC'JI' 
J = N ii0 W i 1 
WRITE ( 9 1  (IHOWLLI)sI=l,J) 
iO iU T I NUE 

PRINT NOfi ZEIIC, R6i.l ELEMLNTb Alllj UEC1D.c  WHsTdtR THL ROb 
SHOULD 3E STGREi) IN BLOCK OR ELEPiENT F3)RWAT 

LOCSTF=l 
DO 110 I=19NROW 
I SUl";hz=O 
I SUi'IGP=G 
LGCSTF=LOCSTF+l 
IF (ISTSTF(LOCSTF).LT.O) UG TO 50 
IC=ISTSTF(LOCSTFI-l 
ISU4GP=ISUMGP+l 
LO 'to J = l r b  

IF ( A S S ( S T H S T F ( L O C S T F ) ) . L T . l . t - g )  GO TC; 40 

CMLL WKSTRK (I,ICC,STRSTF(L~CSTF)) 
I F  (IeNEeICC) GO TO 30 

LOCSTF=LKSTF+l 

I CC=I C+J 

LDIA=LOCSTF 
GO TU 40 
I SUM~Z=ISUMKZ+l 
CONTINUE 
GQ TU 2C, 
CGNT I NUE 

IF IILDI.IKT .RE. 0 ,  LVhLTE STIFFIUESS KATtiIX I h  dLOCh FGlt~.ikT 
ON FILE 9 TC SAVL FOR FiJTUkL RLliYS OF T ~ I E  P A G G R h t  
WHEN INDWKT .NE. 0 

LCSTFl='IROWL( I )  

P m  i o  
PAN 2 0  
PAN 3 0  
P n h  40 
PAI.: 50  
PAiv 60 
PA& 7 0  
PAN 80 
PAN 90 
P A N  i o 0  
PAN 110 
Pkh 120 
PAh 130 
PHI) 140 
PA;$ 150 
PAli i s0  p .. ' .  

mi \  i 7 0  
Phl'h L d O  
FAh 1'30 
Pkh 5 0 3  
PkiG 210 
Pkid 2 2 0  
Phi\ 2 3 0  
PMI\ 2 4 0  
Pklu 230 
Phr" 2b(j 
PAN 270 
P A h  2 8 0  
PktL 290 
Pnrv 3 5 3  
PHlV 310 
PAi;  3 2 0  
PAf4 3 3 0  
PAN 340 
PAIL 330 
Pkh 2.00 
PAiu 370  
PAFi 38G 
Pnir 330  
?Ad\ 403 

PklU 4 2 0  
Pkiv  4 ; r O  
PAN 440 
PAN 4 5 0  
PAIL 460 
Ptilu 470 
PAi4 4 d 0  

PAIL 410 

PMI.4 4 5 0  
PAIL 500  

PHI< > L O  
PAi'i 5 3 0  
PAK 540  
PAN 550 
PAL 550 

PHIL 510 
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6i) 
C 
C 
c 
C 

71) 
ao 

C 
C 
C 
C 

90  

100 
110 
C 
C 
C 

c 
c 
C 
C 

120 
130 

IF (INDWKT-EQoO) GO TO 60 
NULL'LOCSTF-1 
WRITE ( 9 )  (STRSTF(J)>J=LCSTFlvNULL) 
CONTINUE 

Rk.luiOvE TilE DIAGdNAL LLEMENTS OF 
e I~ATRIX, ANL SAVk THci'I 

IF (LDIAekQmSLDIA) GO TO 70  
SLDIA=LbIA 
STFDIA(I)=STRSTF(LDIA) 
STRSlF(LDIA)=0cO 
GO TO JO 
STFDIA(I)=OeO 
CGNTIhUE 
IF (ISUMNZ/IbUWGP.CT.3) GO TO 110 

PAN 570 
PAN 5 8 0  
PA14 5 9 0  
PArr 600 
PAIU 010 

ThE STRUCTURAL STIFFNESS PAiu b 2 0  

PAJt 04u 
PAh 0 5 0  
PAh t60 
PAh 670 
Pki4 6 E O  
Pkrl t90 
PAA 700 
PHI\ 710 
PAR ? L O  
PA,.; 7 3 0  

I &  THE bTfbIrr H R K ~ Y  Pdlb b 2 g J '  

IF hkLF OR W R C  OF THt R u ~  ELEMtiuTS A K ~  Z t R 3 7  REri 'JVk THEM PAi\i 740  
A ~ L J  PLACE THAT ROW IN ELWENT FORi;,AT PAI \  7>,5 

P d l \  7ou 

DO 90 J=ls ISUPiGP PAIN 7 6 0  
LCSTFl=LCSTFl+l PA\ 190 
IC=ISTSTF(LCSTFl)-l PAh 600 

LCSTFl=LCSTFl+l PAN 820 

&ULL=NJLL+l PAN b40 

NULL=NULL+l PkN d60 
STF(kULL)=STRSTF(LCSTFl) PAN b70 
CONT I lvUE Pkh b u 0  
ISTF(l)=-hULL/Z PAN 890 

NULL=1 PMl\ 7 7 3  

DO 90 K=lr6 Pkh C l l O  

IF ( A B S ( S T R S T F ( L C S T F l ) ) . L T . 1 . E - g )  GO TO 90 PAlV O S 0  

ISTF (hULL)=IC+L PAl\ 020 

LCSTFl=f2OWL(I) PUlV 900  

STRSTF(LCSTFl)=STF(J) PAli 930  

PRINT LAST LINE IN WRSTRK PHlv 4uo 

CALL WRSTXK (-19191~) Pkr\ 960 

00 100 J=l,NULL PAN 910 
LCSTFl=LCSTFl+l PAh 920 

CONT I NUE PAN 940 
PA/* 950  

PHI\ 410  

PHI\ 430 
IF INDWKT .NC. 01 TnLN THE LOCAL STIFFNCSS A ~ u  TkANSFUR~VtATIUN PAlvlOOO 

MATRICLS lviU5T UE SAVLI) GN FILL 9 P k Pi 1 0 1 0 

IF (1NDWKTeEQ.O) GC TO 130 Pkrv 10 3 0 
REWIND 2 PAN 1 0 40 

READ ( 2 )  (TRA~SM(J,l),J=1,9) PA iu 10 6 0 
URITE ( 9 )  ( T R ~ N S . . I ( J , ~ ) , J = ~ ~ ~ )  PAIL 1 0 7 0 

dRITE ( 9 )  fSTIFML(Jtl)rJ=lrl44) PAIL 10 9 0 

PHI\ 1020 

30 120 I[=lpNoAR PAN i 0 5 0 

READ (21  (STIFML(J,l)rJ=l,I44) PHhlOSO 

END PAR1110 
RETURN PAklA00 
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SUCKOUTINE SOLVE 
CO&lCi(JN CON ( 30 

EQUIVALENCE ( CON( 8 1 ,  NROW ) 
€QUIVALENCE ( COM(11)  9 I N O l S L  ) 
EQUIVALENCE ( CoP'Ii(12)r I N D I T R  I 

EQUIVALENCE ( C O M ( 1 4 ) *  RELAXF 

L Q U I V A L k h C E  ( (%X( l8 ) ,  1NuPLS 1 
EQUIVALENCE ( CUM(19)  e idINRST 
t Q U I V t i L t h C E  ( C U + i ( 2 6 )  I Tr+X 
DIi4ENSIOPJ I JHFt4( 7 4 9 6 )  9 I J A L F M (  7 4 9 2  19 FiiCVCT ( 7 4 ~ 3  1, SOLVCZ (1 1 1 

EQuIv,u-ErdcE ( c m (  i l l  NJOINT ) 

kQUI*VALENCt ( C W I (  1 3 )  9 EKKTUL 1 

LOUIVALENCE ( c i l l ~ i ( i 5 ) ,  INLJKLX 

1 
2 D P R T I T ( 1 )  9 S T K S T F ( 1 )  9 I S T S T F ( 1 )  9 I R O W L ( 1 )  ' 

RMTVCT ( 74 9 3 9 ST FD 1 A ( 1 1 9 SOLVEC ( 1 1 9 iiL I i?TU ( 1 1 9. i(L I IP'ITL ( 1 1 9 

COMMON / C K A I N  / C31",AIN( 1) 
EQUIVALENCE ( COi;ldIN( 1 1 9  RJXYZ 3 NONRGW ) 

ECUIVALENCE ( COLIAIN( 7 4 5 3 s  IJALF;.i 1 
EQUIVALENCE t COMAIN( 8 9 3 ) >  FRCVCT, SGLVC2 
E Q U I V M L t N C t  ( S O i ~ i A I N ( 1 1 1 5 )  9 ili4TVCT 
EWUIVALthCE ( CO:;iAIN( 3 0 1 1 9  I J k F M  
t u U i V A i E i V C E  ( Cci1.i;rIN(L6;:3) 9 3 P i t T I T  ) 

EQULVMLkhCE ( C b A A i h ( 2 7 1 1 1  9 I R O h L  ) 

E O U I V A L t N C t  i C U l i A I k ( i 2 0 3 )  9 SOLVEC ) 

EQUIVALENCE ( C U + + A I N ( 1 5 5 9 )  s S T F l j I A  1 

t Q U I V h L t N C E  ( L i ) i * ~ I N ( 3 1 5 6 )  9 STKSTF, I L T S T F  1 
EQUIVALENCE ( C O M I N ( 2 4 4 7 ) r  RLIMTU ) 
EQUIVALENCE ( C O M A I N ( 2 5 3 5 )  3 R L I M T L  I 
COMI4ON / OVER3 / FORCXC( 1 )  

iiIkENSI(Jiu tiiKFi.;l ':(o) 
L, IE. i tNSiOf i  ti3i.iRST ( 5  1 
O I I 4 E N S i O N  E K U I A ( 5 )  
UIHENSION i 3 . 1 I ~ ( 6 )  

DIMENSION A L P ( 6 ) ?  NONKOW1300) 

CATA t l i K L  / 5 O h  TnE V A i I I A S L E  kSSOCIATt.3 W I T h  T t i I S  RUd HAS A C O N S T ,  

DATA ERUIA / 1 0 H  THE DIAGOI lOHNAL ELEi4EENr l O H T  FOR T H I S 9  

DATA EKNKST /1GH ThE NU:biBE. l O H R  GF KcSTtcr 1 0 d A I N T S  I S  LI 

DATA ALP / lCi iX--FORCE 9 10HY--FORCE 9 13HZ--FORGE 9 

DATA EliRFkIN / 10H TOO i ~ i A h Y  9 lOHRLJW5 ARE U I  10MEII\;G ki tYGVs 

WRITE ( 6 , 4 2 0 )  

1 10HAi4T VALUE / 

1 109 ROW CAR Ny lOHOT BE ZERO / 

1 1 O H t S S  TnA& M9 1 0 H I N e S T  / 

1 lOHX--I4OFlENT s lOHY--MOMENT I lOHZ--MOMSNT / 

1 10HED FOR THE9 10H SIZE OF NI 1 O r i O N R O l  

C 
C SET-UP kl1NIivJ1Y EKRCR FGK THE, A I T A E N  ~ c L T A  SGiclAHLO PRGCESS 
C 

C 
C CALCULATE FORCE AND MUMENT VECTOR 
C 

IG 

I F  (INDRLXIEO.O) ERRTL2=AMINl(Ei?RTOL*EKRTOL~leE~10) 

DO 1 C  I=1,300 

UO 2 0  I=l,NROW 
FORClviG ( I ) =O e 0 

NONKCW ( I 1 =O 

2U 

SCL 1 0  
SGL 2 0  
SUL 3 0  
SOL 40 
SGL 5 0  
S l j L  60 
SOL 70  
SOL 6 0  
SUL 90 
3JL 130 
SOL 110 
s u i  150 
bDL 130 
S L L  140 
SDL 150 
SCL 150 
S b L  i 7 0  
S C L  100 
S L L  190 
SUL L O O  
SGL 210 
SUL LLO 
SlJL L3O 

Sbi 240  
SOL 2 5 0  
s u i  iL0 
SLL 270 
SOL 280  
SbL 2 9 0  
S L L  300 
SUL 3 1 0  
SUL 3 2 0  
SLL 330  
LUL 3 4 0  
S L L  330 
SOL 360 
S u L  3 7 0  

SbL 350 
SOL 400  
SOL 4 1 C  
SOL 4 2 0  
S ~ L  430 

/SOL 440 
SUL 4 5 0  
bUL .+bo 
CLL q 7 5  
SbL U60 
SOL 4 9 0  
S b L  500  
SOL 210 
SOL 520  
S L L  530  
SOL 540  
bbL 250 
SLJL 560 

SOL 380 
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30 

4il 
50 

60 

7 0  
80 
C 
C 
C 
C 

YO 

100 

110 

120 

130 

C 
C 
C 

NULL=O 
DO 00 I = l r N J O I N T  
I C = I J A L F M ( I  *1) 
I F  ( ICeNE.01 GO TO 3 0  
NULL=NULL+3 
GO TO 50 
DO 40 J=193  
NULL = NO L L+ 1 
FORCbiG(NULLI=t-RCVCT( I C , J )  
I C = I J A L F M ( I  $ 2 )  
I F  ( IC .Nt .0 )  GO TO 60 
NULL=ivULL+S 
GO TO uI0 
DO 7 0  J z l r 3  
N u L L =ru ULL+ 1 
FORCMG(NULL I=RMTVCT( IC ,J )  
COKTIhUE 

STORE ROh NUkaEdS h 3 T  2EQUIREL) IN THE SOLUTIOh Ill NWdOW 
I l v O l S L  = 0 I A P L I E S  lU0 I i v I T I A L  SOLUTION IS k V k I L A 3 L E  

NULL=O 
J = O  
I =o 
DO 130  K = l r N J O I N T  
GO 1 3 0  L=1,6 
I = I + l  
s o L v c z ( I I = o . o  
I F  ( IJHFk i (K9LI .Eb.O)  GO TO 100 
N U L L = k U L L + l  

k O N R U S ( k U L L ) = I  
I F  ( N U L L e C T e 3 0 0 )  CALL E R P N T l  (ERRFMiY,6,11 

I C= I Ads ( I JR Fki ( I( * L 1 I 

S O L V t C ( I ) = D P R T I T ( I C )  
S O L V C Z ( I ) = D P R T I T ( I C I  
GO TO 130 
S G L V E C ( I I = O e O  
SOLVE,:( I )=O.O 
GO TO 130 
I F  ( S T F D I A ( I I . E d . O e 0 )  GO TO 110 
I F  ( I K D l S L e N E - 0 )  GO TO 130 

I F  ( U P d T I T ( I L I . E w . * O )  GO TO YO 

GO TO 120 
CONTINUE 
J = l  
I.!RITE ( 6 9 4 3 0 )  I 
GO TO 130 
CGNT I NUE 
S O L V t C ( I ) = F O R C M G ( I ) / S T F U I A ( I I  
S O L V C Z ( I ) = S O L V E C ( I )  
CGNT I NUE 
I F  (JeNE.0) STOP 
NNONRW=NULL 

I T E R A T I O N  LOOP 

SUL 570  
SOL 5d0 
SVL 550  
SOL 600  
SOL 010 
SOL 620 
SOL 6 3 0  
SUL 640 
SOL b50  
SOL 6 6 0  
SOL 670 
S O L  080  
S J L  050 
SVL 7 0 0  
S ~ L  7 1 0  
SGL 7 2 0  
SOL 730 
S J L  7 4 0  
SOL 7 5 0  
SOL 7 6 0  
S u L  7 7 0  
~ L L  7 3 0  
WL 790 

SOL 010 
S b L  8 2 0  
SbL 830 
SUL b40 
S b L  850  
SCJL b6O 
SOL 6 7 0  
SOL 080 
SOL e90  
SOL 300 
SGL 410 
SOL 920  
SUL 530  
S V L  940 
S u L  550 

SUL bo0 

SOL 560 
S L L  970 
SOL sao 
SGL 950  
bOLlOOO 
SCJ~1010 
S U L l 0 2 0  
SOL 1030 
S U L 1 0 4 0  
SuiiO50 
S V L 1 0 0 0  
S U L  1070 

S C L 1 0 5 0  
S(JL11OO 
S O L 1 1 1 0  
S C L l l 2 0  

~ L L  1 o a o 
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C 
140 

150 

160 

C 
C 
C 
170 

180 

i 
C 
C 
190 

2;10 
C 
C 
C 
L 
210 
C 
C 
C 

220 

C 
C 
C 

SVLlL~U 
I F  (kkOhRdoLTeMIhRST) CALL LKPivTl lcHRRST,5,1) SOLll40 

SJL1150 I THhO=O 
SULl i o 0  IUPuAT=4 

INDUPD=C SaL1170 
I NDOPT=U SbLll80 
ERKE4kX=C) e 0 S(JL1190 

SLL1200 NULL=1 
ITRNO=ITRNO+d SULlilO 
GO 210 I=lrNRO'd SCIL1220 
I F  ( 1  *NL.NONRud(idULL) 1 G0 TO 160 SOL 1 L 30 
NULL = II U LL+ 1 SCILlL40 
GO TO 270 SULli 5 3  
SkVc=O .LI ' SJLlLbO 
LOCSTF=IROWL(I)+l S3LlL70 
IF (ISTSTF(LOCSTF).LT.O) GO TO 190 SOLl.LO0 

SOL 1 L Y O  
ROW IN BLOCK FCRHAT, ONE COLUMN INDICATOR FOR 6 NON-ZERO SOL1300 

LLF-I~LNTS SULij 10 
ICOL=ISTSTF(LOCSTF)-l SULl320 
00 160 J = l t 6  SUL1330 
ICOL=ICOL+l SUL1340 
LGCSTF=LOCSTF+l SUL 13 >c 
SAVE=SAVE+STRSTF(LOCSTF)*SOLVtiC(ICOL) SCIL 13 i 0 
LOCSTF=LOCSTF+l SbL I 3  7 0  
IF (IbTSTF(LOCjTF).LT.O) GO TO 210 SLL 1360 
GO TO 170 SUL1390 

SUL1453 
ROW IN ELEMENT FORYA'F, ONE COLUMN INDICATOR FOR EACH NOi'i-ZERO SULlrlO 

ELENENT SdLl4ZO 
NONELE=-ISTSTFILOCSTF) SbL1433 
DO 200 J.;ltNONELE SOL1440 
LOCSTF=LOCSTF+l S3L1450 
ICOL=ISTSTF(LbCSTF) SbL1400 
LOCSTF=LOCSTF+l S~Li470 
S k V t = S A V c + j T ~ S T F ( L u C S T F ) ~ S ~ ~ V ~ ~ l I ~ ~ L )  SUL14dO 

bDL14YC 
SUBTRACT SAVE FRO?: FQRCMGt I )  AND D I V I D E  BY Thk DIAGONAL SULl5 00 

tLElV,tNT (WnICH IS W T  COFISIOCRLL, IN Thf b O V t  C A L ~ L A T I O I ~ ) ~ L L J L ~  
TO GET X ( h + l )  St.lLl5.20 

IF (1hDRLX.tO.O) GO TO 2 2 0  SOL i5 3 0 
bbL A 240  

USE. bVERRELAXATION hSTtiGD 

ERRl=kBSLSCLVEC(I)-SAVE) 

SAVE=(FORCMG(I)-SAVE)/STFDIA(I) 
ERkl=AES(SOLVEC(I ) -SAVE) 

60 Tu 250 

IF (ITHNOeLTeiUPLJAT) GO TO 250 

USE THE AlTKtN DELTh Si rUAKt l r  PKDCESS 

IF (AbS(~RR1/SAVC).LTrEHRTLZ) GO TO 230 
ERR2=ABS(SOLVC2(I)-SOL~~C(I)) 
iF (ERRleGEeERRZ) GO TO 230 

SOL15 80 
bUL 15 30 
SuL1630 
SLLlOlO 
Stiilo20 
b U L I G J O  

Ti) JMPRGVt. THE COhVEKGEhTSvLlo40 
PkOiESS SUL1350 

SC-L 16 bo 
SOL1670 
SOL1680 

, 
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230 
240 

250 

260 
C 

270 

280 

290 
C 
C 
C 

300 

3 10 

320 

C 
C 
C 

i 3  0 

ERHl=AtiS(SOLVEC(II-SAVEl) 
SOLVCZ(I)=SAVLl 
b 0  TO 240 
SOLVCZ(I)=SAVE 
SOLVEC(I)=SAVE 
ERR=E~l/(ABS(SOLVS2(I) )+leE-12) 
GO TO 260 
COMT I NUE 
SOLVC2~I)=SOLVEC(I) 
SOLVEC(I)=SAVE 
ERR=ERRl/(ABS(SAVEI+lmE-l2) 
CONTINUE 

IF (ERReGTeEKRMAXI EKKMAX=ERR 
CONT I NJE 
IF LIhubPLetG.0) GO TO 240 
00 2ao K = i r r w w  
SOLVcC(h)=SOLVC2(K) 
IUPDAT=IUPDAT+Z 
I NDUPG=O 
CONT I NUE 

CHECK LOOP TERP,INATIOK CCNDITIONS 

I F  (INDITReEQ-ITKNO) GO TO 320 
I F  (INUITReLTeITKNO) bG TC, 310 
IF 1INGOPT.GT.O) GO TO 320 

IF (TIME-GTaTMAX-50) GO TO 300 
IF (LRRMAXeGTrERKTOL) GO TO 150 
GO TO 320 
WRITt (69440) 
INDPLS=O 
GO TO 320 
CONT I NUE 
hR ITE (6,450 INGI TK 9ERKMAX 
CONT I NUE 
CALL PATFMV (SOLVEC9NJOINT91) 
h 2 I T ti 
I UPDAT=I ilPDAT+ I LlPliAT 
INDOPT=INDOPT+l 

CALL StCuND (TINE) 

( 6 9 46 3 ) I TkNd 9 t RRPl AX 

IF (INDOPTeLTo.2) GO TO 150 

FIND THE COMPLETE FORCE-MOMENT VECTbli 

DO 370 K=l,NNONRW 
S A V E I O  e 0  ‘ 

I =NONRON ( K 1 
IF (SOLVEC(IlrNEeOe01 SAVE=STFDIA(I)*SOLV~C(I) 
LOCSTF=IROWL( I )+1 
IF (ISTSTF(LOCSTF).LT.O) (10 TO 350 
ICOL=ISTSTF(LUCSTF)-,l 
DO 340, J=196 
IcoL=IcoL+1 

56111690 
SUL1700 
SbL1710 
SbL 172 0 
bUL173U 
SOL1740 
S b L i  750 
SOL1760 
SuL1770 
5OLi7dO 
S O L  1790 
SOLlSOO 
SOL1810 
SOL 1 d L  0 
57bLl050 
SOLi 040 
SuLlb30 
SULzbuO 
SUL16 70 
SUL1bBO 
SuLlbz’O 
SLJL1900 
SCL19iO 
SUL1920 
SOL1330 
SGL1Y40 
SOL1950 
5uLiro0 
SuL1970 
SuLiroO 
SOLi490 
SGL L 0 0 0 
SCLZOIO 
SciLi020 
SOL 20 3 0 
SLJLL040 
SVLZO50 
SOL2060 
SOL2070 
SOL2OdO 
S O L i G l l O  
SULLlOO 
SULL i i 0 
SuLdilO 
3LLL3O 
SCiLL140 
SbL2150 
SOL2 160 
SGLdi70 
SOL2 i bO 
SULL 150 
SULZLOS 
SULLL10 
S U L L  L L 0 
SOLL230 
53L~L40 
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340 

350 

360 
370 

C 
C 
C 

380 

390  

400 

410 

C 
420 
430 
440 

450 
460 

470 

SUL.2250 
SOL2260 

LOCSTF=LOCSTF+l 
SAVE=SAVE+STRSTF(LOCSTF)*SOLVLC(ICOL) 
LOCSTF=LOCSTF+l 

GO TO 330 SOLLi50 
NONELE=-ISTST~(LOCSTF) SuLi300 

SCLZS10 
SGL232G LOCSTF=LOCSTWl 

ICOL=lSTSTF(LOCSTF) SbLL230 
LOCSTF=LGCSTF+l SULi3SO 
SAVE=SAVE+STRSTF(LOCSTF)*SOLVEC(ICOL) SOLi350 
FORCMG ( I 1 =SAVE SULZ360 
CALL PNTFMV (FORCMC~NJOINT,-l) SOL2370 

’ SOL23dO 
INDPLS = 0 IMPLIES NO PLASTICITY SGLL390 

50L24CO 
SbLL4iO IF (INDPLS.EQ.0) RETURN 
SULL420 NULL=O 

INVBDL=NNONRW SOL2430 
LUCSTF=Li bGL2440 
DO 410 I=l,hJOIhT SUL2450 
UO 410 J=1,6 SUL2460 
NULL = h I, L L + 1 SbL2470 

SOL2480 IF (IJi<FN(:,J).EO.O) ti0 TO 410 
LOCSTF=LGCSTF+l SOL2450 
IF (IJKFM(I9J)eLTeO) GO TO 410 SOL2500 
ICGL=IJRFaY(I,J) SOL2510 
IF (RLIMTU( ICOL)eGE.FORCMG(NULL) ) GO TO 380 SOL2520 
FORC~~~(NULLI-KLIhTU( ICOL) SGL2530 
GO TCi 33G bLJL2540 
IF (RLIYiTLt ICUL) eLt.FORC;*iC;(leULL) 1 GO TO 410 Sc;L2>50 

N Wfi K W =hiu UN I3 W - 1 SCILL570 
I JRFM ( I 9 J 1 = 0 SULi!!J50 
DG 450 K=LOCSTF,iuhCilRW StiLL590 
NONROW ( K )  =NCNilOW ( K+1) SOL2600 
LOCSTF=LOCSTF-l StiLiblO 
IF (STFDIA(NULL)oEO.O.O) CALL ERPNTl (EKDIA959-1) SOL2620 
IF (SGLVEC(NULL)ohE.O.O) CALL ERPNTl (EKRLp6,-1) . SGLicSO 

SULL54O LIRlTE (69470) ALP(JI9I 
CON TI NUE SULio>O 
CALL tKPlvT2 &LiobO 

GO TO 140 SOLLOSG 
S U L L b V O  

FORMAT ( 1 H l )  SOL2730 
FORMAT ( 2 9 H  ThE L;!AGOhAL LLEklEbiT FO3 ROi4~14~16H CAN kUT B E  ZERO) S b L 2 7 ~ 0  
FORMAT t66H SOLUTION ITERATIONS STOPPtD BLCAUSE Jot, IS APPKOACnINGSuLL720 
1 TIME LIKIT) SLLZ730 
FORMAT (10HOMORE THAPI15,28H ITERATIONSr MAXIMUM ,ERROR =E16*8) SOL2740 
FORMAT ( 1 x I 4 , 6 ~ r l  ITERATIONS WERt REfiUIRED TG REACH A ILiAXIMUtv\ RELATSOL2750 
LIVE DIFFERENCL GF E14.71 . SCLL760 
FORMAT ( 5 H  THE A ~ G ~ ~ ~ I - I R L S T R A I N T  WAS VIOLATED FOR JOlikT l\3* 14) SbLL770 
END SbLL7aG- 

SOL2270 
IF (ISTSTF(L0CSTF)eLTeO) GO TO 370 SOLLZiiO 

DO 360 J=l,NONELC 

FQKCi4b ( PULL ) =KLIkTL ( iCOL ) SbLL2 b o  

IF (INubvLetC*f4NONRvi) RCTUKN SGLLo70 
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C 
C 
C 

10 

20 

35 

40 

C 
51) 

60 

74 
bO 

SUbROUTIhE PNTFMV (ARRAYINJOINTIIND) 
D I M E N S I O N  A R R A Y ( 1 )  
LCOUNT=70 
11-1 
I2=6 
DO 30 I = l r N J O I N T  
I F  (LCGUNTeLT.56)  GO TO 20 

n 

WRITE PAGE T I T L E  AT TOP OF NEXT PAGE 

LCOUNT=7 
I F  ( I N D e L T o O )  GO TO 10 
WRIT< ( 6 9 5 0 )  
GO TO 20 
CONTINUE 
WRITE (6960) 
CGNT I NUE 
WRITE (6970)  I , ( A R R A Y ( K l r K = I l r I 2 1  
I 1= I 1+6 
I 2 = 1 2 + 6  
LCOUNT=LCOUNT+l 
CGi4T I NUE 
I F  (IN3.GT.O) RETURN 

PidT 10 
PhT 20 
PiIT 30 
PNT 40 
P k T  50 
PNT 60 
PhT 70 
PhT 60 
PNT 90 
PbiT 100 
PiuT 110 
PivT 120 
PiJT 150 
PivT 140 
Pi4T i20 
PiuT 160 
PPiT 170 
PiJT 1 8 0  
Pi iT 190 
PNT 200 
PNT 210  
P l lT  220 
PhT A30 

i(=0 PNT 2 4 0  
XF-0.0 PrZT 2 5 0  

PNT 260 YF=OwO 
LF=O*O PNT 270 
DO 40 I = l r N J O I N T  PFiT Zu0 
K=K+l PNT 2 9 0  
XF=XF+ARRAY(K) PPiT 300 
YF=YF+ARRAY(K+L) PNT 310  
ZF=ZF+ARRAY [ K+2 1 PNT 320 
K=K+5 PNT 330 

PlpT 340 
PiUT 350  

N H I T E  ( 6 ~ 8 0 )  X F p Y F s Z F  
RETURN 

PNT 5 0 0  
FURMAT [ l r i l  r 36X3L t iP iODAL POIhT UISPLACct i t I \ lTS ~ N l j  K G T A T I O ~ J S / ~ ~ X ~ ~ ~ . ~ ( ~ L P ~ ~ T  3 7 0  

I O B A L  CCiOHDI;\cATE ~ Y S T E M / l H C , 4 X l l H N U D ~ L  P O I M T I ~ X ~ L Z X ~ ~ ~ ~ ~ ~ ~ P L ~ ~ ~ ~ L ~ T ~ P N T  3G0 
~ X ~ r 3 ~ 4 X 8 H R O T A T 1 0 ~ 3 X ~ / 7 X 7 H N U ~ ~ ~ ~ ~ ~ 2 ~ i 4 X 1 H X ~ l 4 X l ~ Y ~ l ~ X l ~ ~ ~ / / / ~  PixT 390 

FORMAT ( lH1,40X30HNGDAL P O I N T  F W C E S  AND MOK; iJTS/44X24HuL~bAL CGGRPiJT 400 
I D I N A T E  S Y S T E M / l H 0 , 4 X l l H N O D A L  P O I N T 9 5 X 3  (5X5HFORCE5X) 9 3 (  ~ X ~ H P ~ G ~ " I N T ~ X P I * T  410 
2) /7X7HNUMBER 2(14XlHX,14XlHY,l4XlHZ)///) PiqT 420  

FORMAT ( S X I 3 , 9 X b ( E 1 5 . 6 ) )  PNT 4:O 
FORMAT ( l H 0 , 6 X S H T G T A L ~ 8 X 3 E 1 5 1 6 )  PKT 440 
E N D  PNT 4 5 0  
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SUBROUTINE F,.IBARS 
L O i w U i J  Cciil ( 30 ) 
EOJIVALLNCE ( C31*i( 4) s NdAK ) 
DIMENSION IBARP(1)P IbARQ(1)9 IBARR(1)v STIFI4L(12r12)9 
1 TRkNSMl3s3) 9 SCLVkC(1) 
COMMGN f CHAIN / COMAIN( 1) 
EQUIVALENCE ( CGhAIN11337)9 IUkRP ) 
EQUIVALENCE ( CONAIN(1411), IBARQ 
EQUIVALENCE COibiAIN(1485) 9 ][BARR ) 
EQUIVALENCE ( CONAIN( 1 1 9  STIFML ) 
EQUIVALENCE ( COlrlAIN( 14519 TRANSM ) 
EQUIVALENCE ( COMAIN(2C03), SOLVEC ) 
DIHENSION IPR(619 DISPL(12)p DISPL2(12)r FkL5TF(12) 
DATA IPR / lr 29 37 79 8 ,  9 1 
bATA LCOUNT / 70 / 
REWIND 2 
00 50 I=lrNBAR 
IF (LCOUNT.LT.56) GO TO 10 

C 
C WRITE PAGE TITLE AT TOP OF NEXT PAGE 

C 
C 
C 

20 
C 
C 
C 

3G 
C 
C 

SET UP DISPLACEMENT VECTOR 

JJ=(IQ-l)*6 
II=(IP-l)*6 
DO 20 K=1,6 
I I = I  I * l  
I l=I FR (K 1 
DISPL(I11=SOLVEC(II) 
J J= JJ+1 
I1=11+3 
DISPLtIl)=SOLVEC(JJ) 

TRANSFORM DISPLACEMENT VECTOR 

I I=-3 
I ROW=O 
DO 30 K=1,4 
I I-II+3 
00 30 J=1,3 
IROW=IHOW+l 

DO 30 JJ=193 
I l = I  I+JJ 
DISPL2(1ROW)=DISPL2(I~O~)+TRANSM(JIJJ)*DI$P~(Il) 

DISPLZ(IROW)=OeO 

CALCULATE LOCAL FORCE-MOMENT VECTOR 

Fib 10 
F ~ l o  20 
FMd 30 
FiW 40 
F14i3 50 
FMtj 60 
F191tj 70 
FMO 80 
Fb;d 9 0  
FMB 100 
Fbld 110 
FM3 120 
Fihio 13 0 

. FMo i40 
F;,iri I 5 0 
FHi3 160 

Fivio 130 
FMd 130 
Fi.48 200 
FFtd 210 
Fly6 220 
FMU 230 
Fivio 240 
F146 2 5 0  
Fi*tU L b O  
Fish0 270 
FMti 280 
FMB 290 
Fiwi 300 
FMi3 310 
FNU 3 2 0  
Fi.3 330 
FfiO 340 
Fi4d 350 
FYIL 360 
FMd 370 

F1.13 170 

Fko 3bO 
FNo 340 

F w  4 i O  
F Y I ~  400 

FMd 420 
FMd 430 
Fi"lt3 440 
FViB 450 
FabIJ 460 

FiiiD 4b0 
Fi'Ji# 490 
Fiw 500 

Fi4~ 470 

FMd 510 
Fbki 520 
FMo 530 
Fi43 540 
FNi3 550 
F14a 560 
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C FMB 570 
DO 40 K=lr12 FiW 580 
FMLSTF(K)=eO FMtj 590 
DO 40 JP1912 FClo 600 

43 FMLSTF(K)=FMLSTF(K)+STIFi4L(K~J)*DISPL2(J) FIW 010 
WRITE (6970) I I I P I I Q I I R , ( F M L S T F ( K ) ~ K ~ ~ ~ ~ ) ~ ( F M L S T F ( K ) ~ K ~ ~ ~ ~ ) ~ ( F I ~ L ~ T F ~ ~  620 
l F ( K l r K = 4 r 6 ) , ( F M L S T F ( K ) ~ ~ ~ l 0 ~ 1 2 )  FMB 630  
LCOUNT=&COUNT+3 Ft46 640 

50 CONTINUE FMd 650 

C 
RETURN FPid 660 

F W  670 
60 FORMAT (lHlr49X22HBAR FORCES AND MOMENTS/49X24HLOCAL COORDINATE SYFMtj 680 

2HMOMENT4X 1 /30H NUMBEK P Q R 94x2 (14XlkX, 14XlHY 9 14%1Fl/l0 7'20 

70  FORMAT ( 3 X I 3 r b X I 3 , 4 X I 3 , 4 X I 3 , l l n  POINT P +6E15.6/23X1llH POINT FPSO 720 

lSTEMS/lHO,29H BAR NODAL POINT NUMBERSrllX3(5X5tlFOKCE5X)r3(5~bFi4d 690 

SHL) / / /  1 FMtr 710 

10 96ii15e6/) FPID 730 
END FMld 740- 
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OVERLAY ( SASLPI 49 0 
PROGRAM NLMDAL 
D I H E N S I O N  SM( 444 ) 
D I M E N S I O N  AMASSV( 102)  
D I M E N S I O N  R J X I 1 1 9  R J Y ( 1 1 9  R J Z I I )  
D I M E N S I O N  S T R S T F l 1 0 4 0 4 )  
0 I MENS I ON AILIASS I 102  1 9 I RWKP I 10 3 ) 
D IMENSIOIU  E G V A L J ( 4 4 4 ) r  L C V t C T ( 2 2 2 0 ) .  d O H L i ( 4 4 4 1 ,  

D I M E N S I O N  ROUiVXT(444)  9 I R W T O g ( 4 4 4 )  9 T ( 4 4 4 )  

EQUIVALENCE ( COM( 8 )  3 NROd ) 

1 h i ) R h 2 ( 4 4 4 ) r  A D I , 4 ( 4 4 4 ) 9  83F3Ik(444) 

COMMOPI COM ( 30 ) 

EQl j  I VALENCE 
EGIU I VALEKCE 

NRWTOR 
I REDTC MORDER ) 

EQUIVALENCE I C01v1(23)9 N E I G V L  ) 
COMXON 1 C M A I N  / C O X A I N  (1) 
EQUIVALENCE ( COMAIN(  1 ) V  RJX 1 
EQUIVALENCE ( C O M A I N ( I . 0 1 )  9 RJY ) 
E G L I V A L E K C E  I C O Y A I t i ( 2 0 1 )  9 R J L  1 
EQUIVALENCE ( CSKAIPi (  8 9 3  l i  SM 9 A O I A  1 
EQ?IV?*LLivCE ( Cut.i.AI,\( 1559 1 ,  IKGv*~IuXT 
EPUIbA!-tNCE ( CaY.A Ih (  2 0 0 3  1 7  I R ' t i T 3 i l  1 
E Q U I V k L E N C E  ( c O i , i A I K (  2 4 4 7  1 3  AMASS 1 
EQU I VALENCE 1 COI",AI N ( 2 5 4 9  7 I RWKP ) 
EQUIVALENCE I COMAIN(  2 7 1 1 ) 9  OOFDIA  1 
EQU1VP)LENCE ( COMPIN(  3156 ) 9  STRSTF ) 
EQUIVr iLENCE 1 S T R S T F I 1 1 1  I 5 T S T F  1 
EQUIVALEKCE ( S T i l S T F (  5 4 0 0 1 9  EGVALU 1 
E G ~ L I v A L E ~ K E  ( S T i l S T F (  5 5 0 0 ) ,  E G V t C T  1 
E Q U I V A L E h C E  I S T H S T F ( 7 9 6 4 )  9 k O l i K i  1 
EGG I VALEhCC ( S T K 5 T F  18438 1 9 v.C)iiK% 1 
EOJIVALENCE I S T R S T F ( 9 7 4 0 ) ,  T 1 
DO 10 I= l ,NORDER 
k M A S S V (  I 1 =AXASS ( I 1 10 

C 
C REDUCE S T I F F N E S S  M A T R I X  
C 

C T 
C M A T R I X  = l ( M ) * * - * 5 )  + (K)* (N)** - .5  

C A L L  REDUCE (STRSTF,  I S T S T F 9  IRWKPsRONNXT 9 i L & K l r T , b M ,  1kviTGK) 

C 

C 
C HOUSEHOLDER idETr i00  TO O B T A I N  W T R I X  114 T ~ ~ I P L E - ~ I & O I V A L  FbKi-t 
C 

C 
C F I N D  THE E L E V E N  SXALLEST E IGENVALUES 
C 

C A L L  STFMAS ( S T R S T F , A M A ~ S Y  MOKDERI 

C A L L  T R i U I A  ( M O K 3 ~ R , S T R S T F , A D I A I ~ ~ ~ ~ i ~ )  

C A L L  E I G V A L  l ~ O R D E R ~ E G V A L U ~ A D I A ~ ~ O F D I A ~ ~ ~ O R K 2 , N E I G V L ~  

N L N  1 0  
NLM 20 
NLi4 30 
NLM 40 
NLM 50 
NLivl 60 
NLM 70 
11 LPI 8 0 
NLI4 YO 
NLM i o 0  
NLM i 1 0  
NL?l i Z 0  
NLM 1 3 0  
NLM 140 
NLI4 1 5 0  
NLI4 1 6 0  
NLM 1 7 0  
NLki 180 
NLFl i Y 0  
N L k  200 
N L k  210 
NLi.1 ,220 
NLI.1 ~ 3 0  
NLlY 2 4 3  

N L N  260 
N L i i  L70 
NLW L 8 0  
NLVi LYO 
NLigi 300 
N L r i  310 
N i l 4  320 
NLCi 3 3 0  
NLW 340 
NLM 350 

N L h  370 
NLI.; 380 
NLM 390  
NLiVi 400 
NLM 410 
NLM 4 2 0  
NLi*i 43u 
NLt-1 +.ti) 
NLi4 420 
NLM 460 
NLM 470 
NLIG 4&0 
NLM 490 

C NLI4 500 
C F I N D  THE EIGZNVECTORS FOR THE L A S T  F I V E  E IGENVALUES ABOVE NLM 5;O 
C FOR M A T R I X  NLM 520  

J = l  N i l 4  J ~ G  
DO 20 1.7,NEIGVL NLM 540 

NLr.:I 2 5 0  

NLCi 360 

C A L L  E I G V E C  ( ~ C R ~ E R I E G V ~ L U ( I ) ~ S T ~ S T F ~ ~ D I A ~ ~ O F D ~ ~ ~ ~ ~ V ~ C T ~ J ~ ~ ~ O R K ~ ~ ~ ~ N L M  330 
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20 
C 
C 
C 

30 

40 
50 

C 
C 
C 

60 

C 
C 
C 

1 0 R K 2  1 NLM 560 
J= J+NROW NLCi 570 

NLt4 560 
CALCULATE EIGENVECTOR FOR REDUCED M A T R I X  FORN NLM 590 

NLM 600 
K=O NLM 010 
DO 50 M'5195 NLM 620 
S A V E = E G V E C T ( K + l )  NLI.1 B S O  
DO 30 J = l  rMORDER NLCl 040  
I = K + J  NLivl 650 
EGVECT ( I )=AMASS ( J  ) * t G V E C T  ( I ) NLi4 063 
I F  ( A B S ( S A V E ) . L T . A B S ( E G V E C T ( I ) ) )  S A V C = E b V E C T ( I )  NLi4 670 
C O i i T I  NUE NLi.1 bti0 
DO 40 J = l r M O R D E R  ' N L K  b y 0  
I = K + J  NLM 700 
EGVECT(I)=EGVECT(I)/SAVE NLW 710 
K= K+NROW N L X  720  
C A L L  P R N T l  (EGVALUrEGVECT9APlASSV9 IKWtiP,NROU,MOKDEK, IKWTOR, \ iORk l )  NLM 730 

NLM 7 4 0  
TAKE AfiOVE EIGENVECTORS AND USE THE TRANSFORMATION M A T R I C E S  NLM 750 

TO GET F I N A L  E I G t N V E C T G R S  NLM 7 b 0  
I F  ( IREDTOeEQ-NROW)  GO TO 60 NLI4 7 7 0  
C A L L  FNALEV ( E G V E C T , A M A S S r M O R D E R I N E I ~ V L , N R O ~ i , N ~ W T ~ ~ , T , ~ O ~ K l , I ~ ; ~ K P ~ N L ~ i  703 

1 IRk iTOR 1 NLM 7'10 
CONTINUE NLPi 300 
C A L L  PRNTZ I E G V A L U ~ E G V E C T ~ A M A S S V ~ I R ~ ~ K P ~ N R O W ~ M O R D E R ~ I R ~ ~ T O ~ ~ ~ O R K l ~  NLM t i l0  

N L Y  6 2 0  
P R I N T  NLki 1130 

NLM 640  
RETURN NLM t i50 
END NLM 660- 
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C 

C 
C 
C 

13 
25 
3 3  
C 
C 
C 
C 

4 0  

50 

6C 

7ti 

02  

1 IRCPST(l), T(1)s 
INTEGER TAPEAS TAPE6 
COWMON COX.;( 30 1 
ECUIVALENCE .( CON ( 8 )  I KROLJ ) 
EQUIVALENCE ( COP! ( 2 2 ) s  IREDTO) 
EQUIVALENCE ( &OM ( 21)r NRWTORI 

DIMENSION E R Z G ( 7 )  
DATA TXPEA, TAPE8 / 1s 2 / 

RtD G o  
RED 70 
RtG 80 
R c D  90 
RLD 100 
RED 110 
KED 110 

DATA EKLO / 5 0 d  Trli; DIAGONAL ELENIE~T CAN NUT 6t L E K U  IN THE R O W  ui<tU 13Q 
1 92OHEING RENOVCD / Rtb 140 

SET UP IRKTOR WITH THE ROWS TO ,t3E RCDUCEO IN DCSCLNLING OK3EK 

IRUKP( IRECTO+l)=O 
J= 1 
I Rlri TOR ( 1 1 = 0 

Fj R W T 0 R = F; R O!J - I K ED T G 
LA5 T =NRdT OR+ 1 
DO 2 3  I=l,NRO?I 
IF lIeEQoIRWKP(J)) GO T0'10 
LASTSLAST-1 
I2WTORILAST)=I 
GO TO 20 
J=J+l 
CONTINUE 
CONTINUE 

IF (IREDTO.EQeNRO!d) GO TO 30 

WRITE STIFFNESS MATRIX ON TAPEA BY ROWS, WITH THE EXCEPTION 
THAT THE FIRST RON TO BE REMOVED IS STORED I N  KOWNXT 

REXIND TAPEA 
L= 1 
DO 160 I=lrNROW 
IF=l 
L=L+1 
IF (ISTSTF(LIeLT.0) GO TO 110 
IC= ISTSTF [L ) 
IF (ICeGTmIF) GO TO 7 0  
I L= I c+5 
DO 60 J=IF,IL 
L=L+1 
IF (STHSTF(L)mEO.OeO) GO TO 60 
IF (ABS(STRSTF(L)).LT.l.E-e) STRSTF(L)sO*O 
IF (STKSTF(L)rNE.OeO) CALL >;RSTRK II.J,STRSTF(L),) 
SM ( J 1 STR ST F ( L ) 
I F=I L+l 
GO TO 4y 
IL=IC-l 
IF (IFeEQaO.OR*ILeEQwO) GO TO 8 0  
IF ( : A a S ( I F ) . L T . 4 4 4 . A N D . I A B S ( I L ) o i T , 4 4 4 )  GO TO YO 
CONTINUE' 

Rtd 150 
Rir3 1bO 
RtD 170 
RED 180 
RtG 1 5 0  
RED 200 
RiD 210 
Rti) ~ 2 2  
R r O  L j U  
RtO ~ 4 0  
RtD rtjC 
r i t D  i b s  
Rc3 ' 2 7 0  
Rti, LOO 
R t U  2 9 0  
RcD 3GO 
RkD 310 
REC; 3 2 0  
RtD 3 3 0  
RED 340 
H C D  35u 
RrD 3 b G  
KtW J 7 U  
RtlU 380 
RLi, 39i) 
RED 4 0 0  
RED 410 
RcO 4 2 0  
R r D  4 3 0  
RtD 44G 
RED 4 5 0  
RED 460 
RtD 470 
RED 4a0  
K t D  4 3 0  
R t G  550 
R t l j  > i 0  
K t 3  >LO 
RtD 553 
RED 540 
KED 550 
RCD 260 
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98  

100 

110 

120 
130 

140 

150 
160 
C 

170 
C 
C 
C 

C 
C 
C 

C 
C 
C 
C 

180 

190 

c 
C 
C 
C 

WRITE ( 6 ~ 3 4 0 )  IF9IL RED 570 
I F=L-200 Rtu 580 
IL=L+200 REO 590 
WRITE (69350) (STRSTF(JlsJ=IF,IL) RCD 600 
WRITE (69360) (ISTSTF(J)sJ=IF,IL) RtU 610 
STOP RtO 620 
CONT I NUE RED 630 
DO 100 ?=IF,IL RtD 640 
SM( J 1 sO.0 RED 650 
IF=IC RED 660 
GO TO 50 RtD 670 
CONTINUE RtD 6 8 0  
IF (IF.GTeNROW) GO TO 130 RED 0 5 3  
DO 120 J=IF,NROW ’ RtD 700 
SM( J )  = O m 0  RtD 710 
CON T I NUE Rii) 720 
IF (IeNE-IRXTQR(1)) GO TO 150 RED 7 3 3  
DO 140 JZlrNROW RtG 740 
ROWNXT (J 1 =SM L J) RtD 750 
GO TO 160 RtD 760 
b!R I T E ( T A PEA 1 RLD 770 
CON TI NbE RED 7 8 0  

PRINT LAST LINE RtD 790 
CALL VI‘RSTRK ( - l ~ - ? . ~ l e )  R t D  b20  
DO 170 J=lrNROW RtD a10  
IRCPST(J)=J Rtlj b20 

R i d  &30 
S E T  NilMtiER OF ACTIVE RON5 RtD a40 

RcU a50 
NACTRW=kROW R t U  800 
IF (IREDTOeEQeKROW) GO TO 320 RiD 6 7 0  

RtO a 6 ~  
START OF LOOPS TO REDUCE STRUCTURAL STIFFNESS MATRIX K t D  b y 0  

RcD 500 
REvtIND 3 RtU 910 
lRWTOR(NRbTOR+l)=O RcD 920  
DO 310 IRhR=lrNRWTOR RtD 930 
REWIND TAPEA RtO Y-IC) 

I ROW= I RW TOR ( I R k/i? ) RLLS 960 
I R 1 = I R CP b T ( I RO A ) RLV 970 
IF (IRWReNEeNRdTOR) GO TO 180 REG 9 d 0  
IR2=0  RED 990 

IR1 CURRENT POSITION (ROW + Cole NO.) OF ROW BEING Kti)1000 
REMOVEDRt31010 

I R ~  CURRENT POSITION OF NEXT R O ~  TO a E  REMOVED RcU1020 
RLD103G 

GO TO 190 Kt01040 
IR2=IRh’TUR(IRdR+l) Rt01050 
IRZ=IRCPST(IR.?) RculOoO 
CONT I luUE RcDl07S 
I RRSIRI-1 RtDlU83 

REG1090 
BUILD TRANSFORMATION MATRIX OF ORDER (NACTRdI*(NACTRW-l) RtD1100 

’ I DENT I TY REO1120 

( SM ( J ) 9 J= 1 9 NROW I 

REWIND TAPEB R t v  3 5 0  

SAVE ONLY LAST RQi, SINCE FIRST NACTRW-1 ROW5 ARE THE Rt31110 

3 10 
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260 

2 10 
C 

C 

C 

220 

23C 
240 

250 
260 
C 
C 
C 

270 

C 
C 
C 
2 8 0  
290 
C 
C 
C 

C 
C 
C 
C 

N A C T R 2 =NA C T RN - 1 
IF (5AVE.EG.3.) CALL ERPNTl (ERZD97sl) 
DO 200 I=l,IRR 
T ( I ) =-HO'J:NXT ( I ) /SAVE 
DO 210 I=IRlSNACTRZ 
T ( I ) =-RD$NXT ( I +1) /SAVE 

*********it 

SAVEJROXNXT ( 121  ) 

y" 

LAVE LAST RO?. OF TWNSFORKATION MATRIX ON FILE UI.IIT 3 H k b I L L S  
RED1130 

WRITE ( 3 )  (T(K)rK=l,NACTRZ) R E D I ~ ~ O  
RED1250 
RtUJ.260 

START LOOP TO PROCESS ACTIVE ROW IN CGORDINATL RCDUCTION Rk01Z70 
R i r L l Z t r O  

DO 2 9 0  ICRNTR=lrNACTR2 Rkul29i) 
READ STIFFNESS MATRIX K O k r  ICHNTR R L C L J U J  

READ (TAPE.&) (Sli'i((c) 9K=l ,NACTKlrJl Kc01310 
l i t J L 3 2 0  

SAVE=SM(IRl) RED1330 
IF (SAVk.NE.0.) GO TO 230 RED1340 
DO 220 I=IRl,NACTR2 RED1350 
SM ( I ) =SM ( I + 1 1 RED1360 
GO TO 260 RtD1370 
DG 240 I=lrIRR RtD1380 
SM( I )  =SM( I )+SAVE*T L I )  RtDi3SiO 
DO 25C I=IR1 vNACTR2 RtD1400 
SM( I )  =SM(  1+1) +SAVE*T( I )  RED1410 
CDNT I NUE REu1420 

RcDi43u 
IF THIS RO!4 i S  THE NEXT TO 6E REMOVED, LAVE THE 2Od It< ROWNXT KcD1440 

RE91450 
IF (ICRNTXrNE.IR2) 50 TO 280  RLD1460 
DO 270 IzlrNACTR2 Rt01470 
ROivPJXT L I 1 =SM ( I 1 Rt01480 
GO TO 290 

nRITE THE REDUCED ROW ON TO TAPEb 

VRITE (TAPEt3) (SkLK)9K=l,NkCTRZ) 
CONTINUE 

REVERSE READ/'dRITE TAPE VALUES 

I =TAPEA 
TAPEA-TkPEB 
TAPEB= I **+*****+* 

UPDATE IRCPST ARRAY TO ADJL'ST FOR T H E  

IRCPSTiIROd)=-IRCPST(IXOX) 
K =  I ROW+1 
DO 330  ,I=KsNROid 
IF (IRCPST(I)*LTeO) GO TO 300 

RtD1490 
REDlSGO 
RSDi>l3 
Rtui520 
RtD1530 
Kt31240 
F ( i U L > > J  

REDi5oO 
Rt~I.575 
RED1580 
RLD1590 
RtDl600 
RL31610 
RtD1620 

ROX 4 COLUi~1121 KE4iGVED Rci)lo>O 
RtDlb40 
Rci)ioljO 
RtD166O 
RtI3i070 
RtDl66O 
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300 
C 
C 
C 

310 
C 
C 
C 
320 

330 
C 

C 
340 
350 
360 

IRCPST(I)=IRCPST(I)-~ 
CONT I NUE 

UPDATE NO. OF ACTIVE RONS 

NACTRW'NACTRZ 
CONT I W E  

COPY STIFFNESS MATRIX TO CORE 

CONTINUE 
I RR=C 
REWIND TAPEA 
00 330 I=l,NACTRW 
READ (TAPEAI (SM(K),K=l,NACTRW) 
DO 330 J = l  sNACTRW 
I RR=IRR+l 
STRSTF(IRR)=SM(J) 

RETURN 

FORMAT (7H IF IL r2110) 
FORMAT (10E12.5) 
FORKAT (10112) 
END 

RED1690 
RED1700 
RED1710 
RED1720 
R t D 1 7 3 0 
REii1740 
RcDl759 
REi~1760 
RED1770 
Rtiji78O 
Rti)1750 
R t D i E O S  
RtOib10 
RtG1i;ZO 
RED1830 
R E D I ~ ~ O  
RLoiO50 
RtDld60 
RkDlo7O 
RrDi08O * 
R ~ u l b Y 0  
RELIlF00 
RiD1910 
RED1920 
Rt01930- 
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C 
C 
c 

13 
C 
C 
C 
C 

20 

36 

SUBROUTINE STFMAS (STRSTF~AMASSSMSRDER) 
DIMENSION STRSTF(MORDER*NORDEK), AMAbS(1) 

COMPUTE (M)**-1/2 = ((M)**-1/2)T FOR DIAGONAL MATRIX 

DO 10 I=l,MQRCER 
AMkSS(I)=l/SORT(AMASS(I)) 

COMPUTE d(M)**-1/21T * ( K )  * (M)**-1/2 
STORE THE RESULT I N  LOWER TRIANGLAR INCLUDING DIAGONAL 

FORMAT IN K 
DO 20 I=l,lrlORDER 
GO 20 J= I vMOR3ER 
STRSTF(I,J)=STRSTFLI~J)*AMASS(Jl 
LOCSTF=O 
GO 30 I=l,MORDER 
DO 30 J=lrI 

STRSTFLLGCSTF,l)=STRSTF(JrI)*AMASS(J) 
LOCSTF=LCCSTF+l 

RE TURN 
END 

STN 10 
STM 20 
STPI 30 
ST i.1 40 
STM 50 
S T M  60 
STM 76 
S Tki d 0 
STi4 9 G  
STM 100 
STi4 113 
STX 120 
STAY 130 
STM 14i) 
STI'JI 150 
5Ti4 160 
STK i70 
bT15 i80 
STi% i Y 0  
STI.1 200 
STki 210- 
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10 

20 

30 

40 

50 
60 

79 

80 

90 

D I M E N S I O N  T 2 ( 1 )  9 I R b K P (  1) 9 I R W T O R ( 1 )  
D I M E N S I O N  A M A S S ( 1 ) r  E G V t C T l 1 ) r  T 1 1 )  

CALCULATE EIGENUECTORS FOR THE NON-REDUCtD M A T R I X  FORM 
TRANSFORMATION MATRICES STORED I N  FILL 3 dY SUBROUTINE 

~, REDUCE 

NACTRWsMORDER 
DO 90 I=lpNRlnJTOR 
BACKSPACE .3 
READ ( 3 )  ( T ( L ) , L = l , N A C T R W )  
I F  ( I e E Q e l )  GO TO 40 
1 4 = l  
I1=1 
I2sNRWTOR 
13=MORDER+1 
DO 30 J = l r N A C T R ; J  
I F  ( 1 4 e E Q e I )  GO TO 10 
I F  (IRWKP(Il).GTeIRWTOR(IZ)) GO TO 20 
T Z L I l ) = T ( J )  
I1=11+1 
GO TO 30 
1 2 ( 1 3 ) = T ( J )  
1 2 1 1 2 - 1  
I3=13+1 
14= I4+1 
CONT I NUE 
GO TO 60 
CONT I NUE 
DO 50 J z l e N A C T R W  
T 2 ( J ) = T ( J )  
CONTINUE 
K= 0 
DO 80 J = 1 , 5  
SAVEOO 00 
DO 70 M=19NACTRW 
L=K+M 
SAVE=SAVEcT2tM)+EGVECT(L) 
E G V E C T ( L + l ) = S A V E  
K=K+NROh 
NACTRk/=NACTRW+l 
BACKSPACE 3 
CONTINUE 
R E  TUR tJ 
END 

SUBROUTINE FNALEV ( E G V E C T I A M A S S , M O R D E R ~ N E I ~ V L $ N R O W I N H W T O R , T , T ~ ~ I K W F N A  10 
I K P s I R W T O R )  . FFiA 20 

FNA 30 
FNA 40 
FNA 50 
Fr iA  60 
FNA 70 
FNA 80 
FNA 90 
FNA 100 
FNA 110 
FNA 120 
FNA 130 
FNA 140 
FNA 150 
FNA 160 
FNA 170 
FNA 180 
FNA 190 
FNA 200 
FNA 210 
FNA 220 
FNA 230 
FNA 240 
FNA 250 
FNA 260 
FNA 270 
FNA 280 
FNA 290 
FNA 300 
FNA 310 
FFiA 320 
FNA 330 
FNA 340 
FNA 350 
FNA 360 
FNA 370 
FNA 380 
FNA 390 
FlvA 400 
Fluh 410 
FNA 42U 
FNA 430 
F h A  440 
FNA 450 
FNA 460 
FNA 470- 
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SUGROUTINE EEPNT (EGVALU?EGVECTINEIGVL,NRO~~)  
D I M E N S I O N  t G V A L c l l l ) ,  E G V t C T ( 1 )  

K l = l  
K 2  = KHOW 

C 

DO 1 0  I = l , N E . I G V L  
IURITE ( 6 9 2 0 )  I ,EGVALU( I) 

C I F  ( 1.. .LTe 7 1 GO TO 40 
% ' R I T E  ( 6 , 3 0 1  ( E G V E C T ( K ) , K = K l * K 2 )  
K 1 = K 1 + NR OW 
K2=KZ+NROW 

RET i lRN 

** 

1 0  CONTINUE 

c 
20 FORMAT ( 1 3 H O  E I C E N V A L U E ( r I 2 , 3 H )  =rE14*7) 
3G FORWAT ( 1 0 x 3 0 ~  Tt iE CORRESPONDING EIGENVtCTOt?/  ( 1 0 X l O E 1 2 - 4 )  ) 

E N 3  

EEP i o  
EEP LLI 
E c P  33 
ErP 40 
EcP 5 G  
E t P  b 0  
EEP 7 0  
EEP E G  
EEP 9 0  
EEP 100 
t E P  110 
E t P  120 
Er? i30 
t t P  140 
i E P  i 5 0  
E t P  1 L J U  
ELP L73- 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

10 

23 
30 

40 
50 
60 
70 

8 0  
C 

90 

100 

120 
i i o  

SUBROUTINE T R I D I A  ( N R I R ~ A ~ P C )  
T R I - D I A G O N A L I Z E S  SYMMETRIC M A T R I X  BY HOUSEHOLDER METHOD 

R = 1 - D I M E N S I O N A L  ARRY OF N R / Z * ( N R + l )  ELEMENTS 
NR = ORDER OF M A T R I X  

l e  CONTAINS LOWER TRIANt iULAR PART PLUS DIAGONAL OF M A T R I X  
e 2. AFTER T R I P L E - D I A G O N A L I Z A T I O N  CONTAINS THC D I A G O N A L  P L U S  

w VECTORS 
A m  = I - S I M E N S I O N A L  ARRAY OF NR k L E M E N T S j  COruTAiNs D IAGONAL 

PQ = 1 -D IMENSIONAL ARRAY O P N R  ELEMENTS, 
ELEMENTS OF TRIPLE-DIAGONAL MATR'IX 

1. CONTAINS ELEMENTS OF P VECTOR 
2. CONTAINS ELEWENTS OF W VECTOR 
3 .  CONTAINS THE OFF-DIAGONAL TERM OF TRIPLE-DIA,GONAL M A T R I X  

(END RESULT =(3)) 
D I M E N S I O N  R ( l ) 9 P Q ( l ) 9 A ( l )  
I A Z O  
NR 1=NR-1 
DO 160 I = 2 9 N R 1  
I A = I A + I  
CALCULATE ELEMENTS OF W VECTOR 
S=O. 
J A = I A  
DO 10 J r I 9 N R  
S = S + R ( J A ) * * 2  
J A =  J A + J  
CON T I NUE 
SS=.SGRT(S) 
P Q ( I - ~ ) = - S I G N ( S S I R ( I A ) )  
I F  ( S )  2 0 , 1 9 0 ~ 2 0  
X = - P Q ( I - l ) / S  
R(IA)=SQRT1.500*(1~0O+R(IA)*X~) 
I F  ( 5 )  5 0 9 4 0 9 5 0  
R (  I A ) = O o  
I F  ( R (  I A )  1 6 0 9 2 0 0 ~ 6 0  
X = e 5 0 0 * X / R ( I A )  
J A r  I A 
DO 60 J = I , N R l  
JA= Jk+J 
R ( J A I = X * R ( J A )  
CONTINUE 
CALCULATE ELEMENTS OF P VECTOR 
J A I  = I A + 1  
DO 130 J=I,NR 
J A =  Jk I 
K A = I A  
P Q (  J ) = O o  
DO 120 K=IINR 
P Q ( J ) = P Q ( J ) + R ( K A ) * R ( J A )  
SF (K -J )  90~100~100 
J A = J A + l  
GO TO 110 
Jks JA+K 
KAEKA+K 

T R I  10 
T R I  2 C  
T R I  30 
T R I  40 
T R I  50 
TIXI 60 
T R I  70 
T R I  80 
T R I  YO 
T H I  i o 0  
T R I  i10 
T R I  120 
T R I  130 
T K I  140 
T R I  150  
T r i I  l b o  
T R I  170 
T R I  180 

T K I  L O O  
T d I  ~ 1 0  
T H I  2 2 0  
TI31 250  
S K I  140 
T R I  250 
T R I  260 
T K I  270 
T K I  280 
T K I  290 
T r i l  500 
T H I  310 
Tk l  3 2 0  
T K I  330 
T H I  3 4 0  
T R I  350 
T K I  360 
T R I  370 
T H I  38i) 
T K I  390 
TRS 4 0 0  
T R I  410 
T R I  420 
T K I  430 
Ti31 449 
T A I  4 5 0  
T R I  4b0 
T R I  470 
T R I  480 
T R I  490 
T R I  500 
T R I  510 
T R I  520 
T R I  530  
T H I  >40 
TdI 55U 
T H I  560 

T i i I  19Li 

CONTINUE 
J A I  = J A I +  J 

130 CONTINUE 
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C 

140 

150  
C 

160 

170 
180 

190  

2 0 0  

C 
2 10 

2 2 0  

230 

240  

CALCULATE:  E L E M E N T S  OF G V t C T O R  
f \ K = O e  
J A =  I .A 
DO 140  J = I , N R  
A K = A K + R ( J A ) * P Q ( J )  
J A = J A + J  

A K = 2 * 0 0 * A K  

DO 1 5 0  J = I , N R -  
PO(J)=2.00*PQ(J)-AK*R(JA) 
J A =  J A + J  
C O N T I N U E  
C A L C U L A T E  E L E M E N T S  OF NEW I? M A T R I X  
KK= I A 
J A = I A  
DO 170 J = I 9 N R  
K A =  I A 
DO 160 K = i r J  
KK=KK+l 
R(KK)=R(KK)-P3(K)*R(JA)-R(K~~)*P~(J) 
KA=KA+K 
C O N T I N U E  
K K = K K +  I - 1 
JA=JA+J 
CON T I N i l €  
C O N T I N U E  
GO TO 210 
X=C. 
GO TO 30 
x=o e 

GO TO 70 
SORT A L P H A S  AJVC S E T A S  
I A = O  
DO 2 2 0  I = 1 9 N R  

CON? I NUE 

J A = I A  

I A= I A+I 

CONTIPAUE 
P Q ( N R ! = R ( I A - ~ )  

N=N-1 
PQ(N) = P G ( N - l )  
IF ( 2 - N )  2 3 0 9 2 4 0 ~ 2 4 0  
P C (  1) =o. 
R E T U R N  
END 

A ( I ) = n ( I A )  

N = w  

T K I  570 
T K I  560  
T R I  590 
T R I  560  
T R I  610 
T R I  620  
T l i I  630  
TkI  640 
T K I  0 5 0  
T R I  ob0 
T k l  070 
T K I  boU 
TiiI  093 
T R I  700 
T R I  710 
T R I  720 
T R I  730 
T K I  740 
TdI  75L 
T R I  765  
T R I  770 
T K I  7 d 0  
T k I  73IJ 
TliI obU 
T K I  a10 
T i i l  620  
:AI 030 
13.1 a4c, 
T K I  85'3 
T K I  bo0 
T K I  870  
T R I  ab0 
TiiI b;rO 
T i i I  9 u d  

TliI Y L O  
S K I  9 5 0  
T K I  540 
T R I  953 
T R I  960  
T R I  970 
TMI 900 
TnI  4 3 0  
T l i l l U G O  
TKIlilO 
TRX1020- 

T r i i  910 
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C 
C 
C 
C 

C 

10 

20 

30 

40 
C 

50 

60 

7 3  

80 
90 
100 

110 

120 

1 3 0  
140 

150 

SUBROUTINE EIGVAL (LP,E~AIB,F,W,MVAL) EVA 10 
FINDS EIGENVALUES OF TRI-DIAGONAL MATRICES BY ORTEGA METHOD EVA 20  

LP = GRCER OF MATRIX EVA 35 
E = 1-CIMENSIONAL ARRAY OF LP ELEMENTS. THE EIGENVALGES ARE EVA 4 0  

STORED IN THIS ARRAY I N  ASCENDING ORDER EVA 50 
A =.l-DIMENSIONAL ARRAY OF LP ELEMENTS. CONTAINS DIAGONAL EVA 60 

ELEMENTS OF TRIPLE-DIAGONAL MATRIX EVA 70 
B = 1-DIMENSIONAL ARRAY OF LP ELEMENTS. CONTAINS OFF-DIAGONALEVA 80 

ELEMENTS OF TRIPLE-DIAGONAL MATRIX EVA 90 

WORK ARkAS EVA il0 
MVAL = .NUMBER OR EIGENVALULS TO dE CALCULATLD. CVA 1ZO 

DIMENSION Et11 gA(l)~tj(l)9F(1)9!~(1) EVA 130 
FIND CPPER AND LOWER BOUFlDS AND NORMALIZE INPUT EVA 1 4 0  
GD=ABS(A(l)) EVA 150 
DO 10 Ix2rLP EVA 160 
G D = A M A X l ( B D , A b S ( k ( I ) ) + ~ ( i ) * * 2 ~ 0 . 0 0 )  EVA 1 7 0  
BD=BD+l. EVA 1 6 0  

EVA 190 DO 2 0  I=l,LP 
A(I)=A(I)/BG EVA L O O  
B(I)=B(I)/BD EVA 210 
W (  I ) = l e  EVA 2 2 0  
E( I )=-le EVA 2 3 0  
DO 230 K=l,MVAL EVA ~ 4 0  
IF ~ ~ W ~ K ~ - E ~ K ~ ~ / A M A X l ~ A b S ~ ~ ~ K ~ ~ , 1 . O E - 9 ~ - 1 . O E - l 2 ~  230~i30EVA 230 

1 9 4 0  EVn 260  
X= ( %'( K )+E( K 1 ) * e  5 EVA 2 7 0  
FIND NUMBER OF EIGEN VALUES sN, GREATER THAN OR EQUAL,TO X EVA 280 
s2=1. EVA 2 9 0  
IS2=1 EVA 3 0 0  
F( 1 ) = A  [ 1 ) -X  EVA 510  
IF (F(1)) 50,60960 EVA 320  
ISl=-l tVA 3 3 0  
51=-1* EVA 340  
N=O kVA 530 
GO TO 7 0  kVA 360 
ISl=1 EVA 370  
s1=1. EVA 560 
N= 1 EVA 990  
DO 170  I=29LP EVA 4 0 0  
IF (B(1)) 80,120,80 EVA 410 

EVA 4 2 0  

F AND W = 1-DIMENSIGN ARRAY OF LP ELEMENTS EACH'USED AS t V M  lLi0 

EVA 4 5 0  
EVA 4 6 0  
tVA 4 7 0  
EVA 4 6 0  
tVA 4 Y U  
EVA 300 
EVA 510 
EVA 5 2 0  
EVA 5 3 0  
EVA 5 4 0  
EVA 5 5 0  
EVA 560 
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160 
170 
C 

1 8 0  
190 
2 0 0  

210 

2 2 0  

230 
C 

240 

2 5 0  

N = N + l  
CONT I NU€ 

N=LP-I\! 
IF (N-K) 2 0 0 , 1 8 0 9 1 8 0  
DO 1,90 J=K,N 
!! ( J 1 =X 
N=N+1 
IF (LP-N)  30+J10*210 
DO 220  J=N,LP 
I F  ( X - E ( J ) )  30 ,30 ,220 
E ( J ) = X  
GO TO 30 
CON T I NUE 
RESTORE INPUT & l i b  OROER EIGEN VALUES 
DO 240 I = l , L P  
A ( I ) = & ( I ) * B G  
O(Il=B(I)*BD 
DO 2 5 0  I = l , M V k L  
E ( I ) = ( W ( I ) + E ( I ) ) * ~ D * . 5  

TRAP EIGEN VALUES I N  SMALLER AND SMALLtR dOUNDb 

RETURN 
END 

EVM 5 7 0  
t V A  3-00 
EVA > Y O  
t V A  600  
EVA 010 
EVA s20 
EVA 630  
EVA 640 
t V A  6 5 0  
EVA 660 
EVA 6 7 0  
t V A  080 
EVA 630 
EVA 700 
t V A  7 1 0  
t V A  7 2 0  
EVA 730 
EVA 7 4 0  
t V A  150 
EVA 7 6 0  
EVA 7 7 0  
EVH 7 8 0 -  
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C .  
C 

C 

10 
20 
30 

40 

5 0  

68 

7 0  
C 

80 

90 
100 

110 

120  

C .  
130 
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SUBROUTIi\rE E I b V E C  (NKYEIR,A,~,V,P,LJ) t v r  10 
G I V E N  AN E IGENVALUE,  F I N D  THE CORRESPCNDING EIGEhVECTOR U S I N G  E V t  20 

NR = ORDER OF M n T R I X  
R = 1 - D I M E N S I O N  ARRAY OF N R / Z * ( N R + l )  

THE W VECTOR 
E = E IGENVALUE 
A += 1 - D I M E N S I O N  ARRAY OF h R  ELEMEKTS 

TERMS OF TRIPLE-DIAGONAL M A T R I X  

T E W S  3F T R I P L k - G I A W N A L  h T i 3 I X  
B = 1 - G I K E N S I C N  ARkAY OF NR ELEPIENTS 

V = 1 -D IMENSION ARRAY OF NR ELEMEIITS 

U I L n I  NbOiu METHOD E V t  30 
E V E  40 
E V L  5 0  
E V c  60 
EVE 70 
E V E  80  CONTAIN I NG DIAGONAL 
E V L  so 

C O h T A I N I i Y b  OFF-DIAGONAL t V c  180 

ELEMENTS CONTAINI lLG 

C O h T A I N I N G  THE 
EIGENVECTOR OF THE O R I G I N A L  SYMMETRIC 1 4 k T i i I X  

WORK AREAS 
P AND Q = 1 - D I M E N S I C N A L  ARRAYS OF NR ELEMEiXTs c A L H  LiSED AS 

D I M E N S I O N  
N R l Z N R - 1  
SET UP SIMULTANEOUS EQUATIONS I * € .  COMPUTE P, 3 ,  
X = A i  1 ) - E  
Y = B ( 2 )  
DO 70 I = l , N R l  
I F  ( A B S ( B ( I + l ) ) - A B S ( X ) )  3 0 9 1 0 9 5 0  
I F  ( X )  3 0 9 2 0 9 3 0  
X= l .OE- lO  
P (  I ) = X  
Q( I l = Y  
V (  I ) = O .  
X = A ( I + l ) - E - B ( I + l ) * Y / X  
I F  ( N R 1 - I )  40r70940 
Y = E (  I+2) 
GO TO 70 
P ( I ) = E ! ( I + l )  
Q ( I ) = A ( I + l ) - E  
Z = X / P  ( I) 
X = Y - Z * Q ( I )  
I F  ( N R l - I  1 60970960 
V ( I ) = b ( I + 2 )  
Y=-z *v  ( I 1 
CONTINUE 
SOLVE FOR EIGENVECTUR OF T R I - D I A G O h A L  X A T R I X  

V ( N R ) = l * E 1 0  

R ( 1 9A ( 1 1 9 E3 ( 1 1 3 V ( 1) 9 P ( 1) ,W ( 1 1 

IF (XI 9 0 , a o 1 9 0  

GO TO 160 
V ( N R ) = l . @ O / X  
I = N R 1  
V(i)=(leOO-Q(I)*V(NR))/P(I) 
X=V ( NR 1 * *2 +V ( I ** 2 
I=I-1 
IF ( I )  1 2 0 r 1 3 0 r 1 2 0  
V(I)=(1.00-Q(I)*V(I+l~-V(I)*V~1+2))/P(I) 
X = X + V ( I ) * * 2  
GO TO 110 
N O R M A L I Z E  VECTOR 
X=SQRT L X 1 
DO 140 , I = l , N R  
v ( I ) = v ( I ) / x  

E V L  110 
c V i  i20 
E V E  130 
k V €  140 
E V c  150 
E V E  160 
E V E  170 
EVE 1 6 0  
EVE 190 
E V k  200 
E V t  210 
E V E  2 2 0  
t V L  230 
E V t  240 
t v t  L5G 
E V t  ~ 6 0  
E V L  2 7 U  

tv; LJO 
E V t  300 
E V c  310 
E V L  3 2 0  
E V t  330 
E V c  3,o 
EVL 230 
t v t  300 
t v t  37u 
L V L  3 d 3  
t v c  3>0 
E V t  4 c j O  
LVi 410 
E V t  420 
EVE 4 3 0  
E V t  440 
E V L  4 5 0  
E V t  4bO 
t V t  410 
E V c  400 
L V L  4 3 0  
EVE. 500 
L Y L  510 
t v l r  5 2 0  
E V L  230 
EVc 5 4 0  
EVE 5 5 0  
E V c  560  

E V E  2 8 0  
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140 C O N T I  h U E  
c COMPUTE EIGENVECTOR OF C R I G I N A L  M A T R I X  

I = K R  

J = O  
K= 1 

160 K = K + l  
J = J + K  
I F  ( K - I )  160,1,7C~160 

150  I=I-1 

170 Y=C. 
J A = J  

Y = Y + R ( J A ) * V ( K )  
J A = J H + K 

1 6 0  CONTINUE 
Y = 2  . L C X Y  
J A = J  
OD 190 K=I ,NR 
V ( K ) = V ( K ) - Y * R ( J A )  
J A = J A + K  

I F  ( 1 - 2 )  153 ,200r150  

END 

LO 180  K = I y N i l  

190 C0NTII':UE 

220 RETUKI'! 

t V k  3 7 0  
t v t  300 
t V c  > Y O  
t V L  O d d  
t v t  010 
c v c  0.20 
L V L  u30 

t V L  039 
LV; oco 
cdc v 7 5  
L V C  3d.J 
cvc  073 
t v t  70u 
L V L  716 
c V t  720 
t v c  730  
L : V t  740 
t v t  750 
E V E  7 b Q  
E V r  770 
EVL: 780  
EVc 790 
E V E  800- 

L V L  040 

321 



APPENDIX F 

PiiNTl 10 
20 

SUrNI NG FIELDS 

C CALCULATE ABOVE VARIABLES 
C 

N=IRWKP(I)/6+1 
GO 140 I=lrMORDEH 
M= I RIiKP ( I 
K = i w  (ivl-1 /6*6 
hi= ( I V 8 - 1 )  /6+1 
IF (LCGUNTeLT-56) 60 TO 60 
&RITE (6,3201 
WRITE (6,3001 
kRITE (6~3101 
LCGUNT=5. 
N=M 

PRh 00 
PRN 70 
PKh 60 
PRi4 9 0  
Phh i o 0  
P R k  i10 

Piih i30 
P K h  140 
Pk;v l l r0  
PRiJ 160 
PKtv 170 
PliN 13C 
PIX& 130  
PZru 200 
Prtiu 210 
Pi2h i25, 
F ' I X I ~  230 
PKP4 L43 
PK;r .L>o 
Plih i30 
Piiiv 210 
Pl<iu L d O  
Plih 2 9 0  
Pdh 300 
P K i i  310 
Pi i t \  3 2 0  
Ph\N 330 
Pii iv 343 
PKt* 350 
Piiiv 3 0 3  
PHlW 37u 
PliiQ 380 
Plilv 390 
PRlv 400 
PHlv 410 
PRh 4 2 0  
PKlL 4f0 
PRN 440 

PKN 460 
PRN 470 
Pklu 480 
?ii iv  490 
PlilY 503  
PRh 210 
PHN 920 
PRN 530 
PRN 540 
PHI1 550 
PHh 5 6 0  

PRir +io 

PKIL 4 5 0  
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60 

7 8  
c 
C 
C 

C 
80 

90 

C 
lij0 

110 

C 
120 

130 
140 

150 

C 
C 
c 

GO TO 70  
CONTINUE 

I R I T E  ( 6 , 3 3 0 )  
L CO U h T = LC OU N T+ 1 
I\r =;.I 

I F  ( I U e E Q e M )  GO TO 70 

CON t I NUE 

WRITE KCQE SHAPES OF REDUCEC SYSTEN 

WRITE ( 6 9 3 4 0 )  ~ ~ , A L P H A ( K ) , ( E G V E C T ( I 9 J ) ~ , J = l ~ 5 )  

I F  (KeGT.31 GO TO 140 
I F  ( K - 2 )  8 0 v 1 0 0 ~ 1 2 0  

DO 90 J=1,5 
S ~ V E = E G V E C T ( I t J ) * A ~ ~ S S ( I )  
PX ( J I = PX ( J 1 +X J X ( ;.I ) +SAVE 

LCGUNT=LCCUhT+l 

X TRANSLATION MC)DL SHAPE tLEt iENT 

S k V E = S k V t * E G V t C T ( I , J )  
WNY [ J ) =UNY [ J +SAVE 
NNZ ( J  I =i:NZ ( J  1 +SAVE 
GO TO 140 

Y TRANSLATICN %ODE SHAPE ELEMENT 
DO 110 J=1,5 
SAVE=EGVECT ( I 3 J *Al\.;ASS( I ) 
PY ( J =r'Y ( J ) +Rd  Y ( I'i I "SAVE 

WNX ( J) =!thX i J )+SAVE 

GO TO 14G 

S A V E = S ~ V ~ * E G V t C T ( I , J l  

U i U  ( J =kNL ( J 1 +SE\Vt 

2 TRANSLATION MODE 5t iAPE ELEMENT 
DO 130 J=1,5 

PKIY 5 7 0  
PKiv 360 
P k h  5 9 0  
PRl\ 600  
Pi i iv  010 
PKIU 6 2 0  
PKIU b30 
PKN 640 
PHI\ 6 5 0  
PKN 660 
PKf i  6 7 0  
PRN 6 8 3  
P K h  690  
PRN 700 
P K N  ?io 
P R h  7 2 5  
PilE.4 7 3 0  
PKN 7 4 0  
P d k  7 5 0  
PRN 7 6 0  
Pr.N 770  
PRN 780 
PRN 7 9 0  
PRN 690 
PRN 610 
PRN 8 2 0  
 PI<^ 0 3 0  
P K h  t i40 
PSI '  &,. 

II 20 
PRh bil0 
PRh b?O 
PKN 680  
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S AV E 1 = XOR D E R 
WRITE ( I T A P E p 3 B O )  SAVE9SAVEl  
DO 1 6 0  I = l ~ b i O K D E K  

CALL P l A 7 2 1  ( ~ ~ ~ , W O R K A I M O H D ~ R , I T A P E )  
WRITE ( I T A P E , 3 9 0 )  ( K J Y (  I )  , l i J Z (  1 )  , I s I = 1 9 N J U I N T )  
Lc=0 
CONTI NCiE 
I F  (NRGii'eEQeMORULR) GO TO 180 
K R I T E J 6 9 2 Y C )  ( E G V A L U l I ) r I = 7 , 1 1 )  
K R I T E  ( 6 9 4 0 0 )  
WRITE ( 6 9 3 1 0 )  
LCOUNT=11 
CONT I NUE 
M=NROd-MGRDER 
K= 1 
P4=0 
D i i  260 I = l s l i J L ) I W T  
d o  2 5 0  J = 1 9 ?  

I F  ( N * N E e I R W L P ( K ) )  GO TO 2 0 3  

W G K K A ( I ) = I R W K P ( I )  

N = N + l  

N l = K  
K=K+l 
GO TO 2 2 0  
I F  (N.NE.iRWTOR(bi1) GO TO 2 1 0  
N 1 = i iR OW-M+1 
Iv,=N-J. 
GO TO 2 2 0  
CONT I N.UE 

I F  (N.GT.IRwTOR(P~) IS=M-l 
GO TO 190 
COhT I W E  
I F  ( i N D d b i H . E U . 0 )  GO T 0 . 2 3 0  
L C = L c + l  
WRITE ( I T A P E 9 4 1 0 )  ( E G V E C T ( N l r L ) , L = 1 9 5 ) , L C  
CONT I NUE 
I F  (NRG;i.ECe:4GRDER) GO TO 2 5 0  
WRITE ( 6 , 5 4 0 )  1 9 A L P ~ A ( J ) r [ E G V E C T ( N l ~ L ) ~ L = 1 9 5 )  

IF (LCOUNTeLTe56)  GC TO 2 4 0  

I F  (PJ*GT.IRhKP(K) 1 K=I(+l  

LCOUNT=LCOUNT+l 

160 

170 

180 

190 

2uo 

210 

220 

230 

2 4 0  

250 

260 

TC 2 5 0  

PRN1130 
PRN1140 
Pi< h 1 1 5 0 
P R N l l 6 0  
PRN 1 17 0 
PH N 1 1 8 0 
PkIV 1 I Y 0 
P k  iu 1 L 0 0 
PR N 12 1 0 
P l i  I% 1 2  2 0 
FK 1% 1 3 3 0 
PK iv 1 2  40 
PdlV 1 2 5 0 
P K ;4 1 L 6 0 
PR N 1 2 7 3 
Pi? h 1 2  8 0 
PHI\, l i r  0 
PR i; 13 0 0 
Pi3;i 15  10  
PI< i\ 132 0 
PI3 N 13 3 0 
Pt? N 1 5 40 
P k h  1 3  5 0  
PF( I\: 1 3 60 
P R k 1 3 7 0  
P d K 1 3 8 0  
PHI* 1 3 9 0 
PR N 1 4 0  0 
P H f i l 4  10 
PKN 1 4 2  0 
P K h 1 4 3 0  
PZiu 1 4 4 0  
P KR14 2 0 
PK i d  i4oO 
F i( I', 14 7 0 
Pi;: tu 1 4  6 0 
P R 1.r 1 4 3 0 
PRN1500 
P R N l 5  10  
PI? i i l 5  2 0 
PKN 1 5  30 
P l i  id  15 40 
P & i u l 5 5 0  
P K h r i 5 o O  
PI? i$ 1 2 7 0 
P i3Ni3dO 
PR 19 90 
PKhlbOO 
PRN 16 10  
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2 7 0  

C 
2ao 

290 

5"0 
3 10 

3 i o  
3 3 0  
340  
3 5 0  
3 6 0  
3 7 0  

3.30 
;rrO 
4 U O  
410 
420 
430 

CALL P l A 7 2 1  (721rkMASSs:~lOKDER,ITAPE) 
€[\ID F I L E  ITAPE 
CONTINUE 
RETURN 

PK N 16 90 
Pi? 1% 17  0 0 
PRN 1 7 1 0  
PRN 1 7 2  3 
PR P< 1 7 3 0 
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S U b K O U T I N E  P l A 7 2 1  ( N 0 9 A K i l A Y  s L N G T H 9 1 6  1 
D I X k N S I O N  ARRAY ( 1  1 
K= 1 
I=1 
DO 10 J z 6 9 L N G T H 9 6  
W R I T E  ( 1 6 , 2 0 1  N O , ( A R K A Y ( L ) ~ L = I I J ) , ~  
K=K+1 ,p( 

I = I + 6  
10 C G N T I N U E  

I F  ( I e G T . L N G T t l )  R E T U R N  
W R I T E  ( 1 6 9 2 0 1  NOI (ARRAY(L )~L= I ,LNGTH) ,K  
R E T U R N  

C 
20 FOKNAT ( 5 X 1 I 3 9 2 X , 6 t 1 0 . 3 , 7 X I 3 1  

ENI; 

P I A  1 0  
P I A  20 
P I n  3cj 
P I t i  49 
P I A  50 
P I A  60 
P I A  70 
P I A  80 
P I A  $0 
P I A  100 
P I A  110 
P I A  120 
P I A  130 

* P I A  140 
P I &  150- 
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PROGRAM LISTING 

LANDING LOADS AND MOTIONS PROGRAM 
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C 
C 
c 
C 

c 
C 
C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

OVERLAY ( S G F T L P P  09 0 ) 

PROGRAA L L : ~ P ( I N P U T Y O U T P U T , T A P E ~ = I N P U T ~ T A P ~ ~ = O U T P U T ~ T ~ P E ~ P T ~ P E ~ )  LLi.1 1~ 
LLh 20 

L A N D I N G  LOADS AN9 MOTIONS PROGKAM L L M  30 
XASTEK AGREEMENT 9 CONTRACT N k 5 1 - 8 1 3 7  9 T A S L  M D E H  NUi-IIJER TWO LLPI 46 

L L M  J O  iGCDGXNELL OGUGLAS ASTI IOr iAUTICS COXPANY 9 L S T c R N  O I V I S l O N  
LLN 60 

T H I S  PROGIIAP! C E S S R I B E S  T t i L  K O T I O N  OF A PLATFGRi4 L A N D t 2 9  SECONUARY LLiri 70 
C.QUIPi\iENT I T C P ~  A i t i l  FOOTPAD U U K I f q b  A L A K G i i t u  Girl 5 O I L  . LLiJl 00  

N 

NOTE T h E  FOLLuWIi \ lG F I L E  L E S I X r l A T I U : 4 5  
LLiJi 4'0 
LLYI 100 



C 

C 

C 

C 

C 

c 

c 

C 
c 

C 
C 

C 

C 

C 

c 

C 

C 
C 
C 
C 

r c 

LLP: >vo 
LL1.t 570 
LL?4 5 8 0  
LLi4 590 
LL:4 600 
LLi.1 610 
LLh 020  
LL>.I 630 
LLI.1 5 4 0  
LLI.4 LJ > a  
LLI~I 0 5 0  
LLPI 0 7 3  
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10 

C 

C 

C 

C 
20  

CALL PPCALL 13LRFL9700OOd) 
I C A S T = o  
CONT l i W E  
CALL SECOND (CAST I M 1 

CALb OVERLAY (6LSOFTLPpl,096HRECALL) 

CALL OVERLAY (~LSOFTLP,~,OY~HRECALL) 
** 

CALL SECOND LCASTM) 
TTIMExCASTM-CASTIM 
ICAST=ICAST+l 

G 

LLI.;~ 12 o 
L L1'1113 0 
LLi.1~~43 
L LCI 1 1 5 0 
L LW 1 16 0 
LLM1170 
L LI.1118 0 
LLfi1190 
L LlYr 1 2 c 0 
LLWil10 
L L>; 12 2 0 
LLH r230 
LLi41.240 
L LW 1 i 50 
L LI.112 ea 

FORMAT (//6H CASE I2910H RAN FROM F10.394H TO FlOe3916H FOR A TOTALL;Ji1270 
1L 5F FlCe395H SLC.e//) L Li4 1 2 t 0 

E N D  L 1141 290-  

k R  I TE ( 6 9 20 1 
60 TO 10 

I CAST 9 CAST I M 9 CASTPI 9 TT I PIC 
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SUBROUTINE PARA 

C 
C T H I S  IS A D U W Y  PARACHUTE R O U T I K t  
C 

RETURN 
t N T K Y  P & A l  
RETURN 
END 

PAR 30 
P A R  40 
P A k  5t 
PAR bU 

PAH ao- 
PMk 70 
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SUUROUTINE RETRO 
C 
C T H I S  IS A DUMbtY RETRO ROCKET ROUTINE 
r c 

R E TU f? N 
LNTQY R t T R O l  
RETURN 
END 

* 

R t T  10  
R t T  20 
RET 30 
RcT 40 
RET 50 
KtT 60 
R t T  70 
RET &O- 
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iSVEKLAY ( S O F T L P ,  1 s  0 ) 

C A L L  INPUT 
C A L L  I N I T  
RETURN 
t N D  

PROWAP; I riI TAL 

APPENDIX G 

I N 1  i o  
I N 1  20  
I N 1  30 
I l l 1  40 
I I ~ I  5Q- 
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SUBROUTINE INPUT 
c 
C 
C THIS SUBROUTINE HEADS Tt ik INPUT DATA FROM SLUULNCW VATA CWtUSe 
C THE CARDS MUST BE PREPAHtO I N  THE FOLLOWING FUKPIAT. 

C 
C 
C 
C 
C 

C 

C 

C 

C 

C 

C 

C 

c. 

C 

C 

C 

C 

C 
C 
C 
C 
C 
C COLUMN 1-4 6-8 11-20 21-30 31-40 41-50 51-60 61-70 

ICNTRL CARD DATA DATA DATA ' DATA DATA DATA 

DATA CARD FORMAT UI 

SEQUENCE 
RTe JUST e 

1 IUPOO IO 
lIUPL)U2U 
I iw o o3 u 
I i\t P 0 u 40 
I nP 0 0 3 0 
INP00bO 
I ISP 0 0 70 
I lUP 00 d o  
I h P 0 0 9 0  
I IUP 0 100 
I N P O l l O  
INPOl i iO 
I I Y ~ )  0 130 
liUP 3 1 4 0  
11ur01>0 
llUP 0 1 0 0 
1IUPO 1 7 0  
lNP0140  
1 IUP 0 I Y 0 
1 I d J O L i ) O  
I I d J O L i  0 
I IUP OLLU 
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C 

C 

C 

C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

5823 
C 

9000 
W R I T E ( 6 9 9 0 0 0 )  
F 0 R M A T ( l h l t 4 2 X ~  

l L k h D I N G  L O A b S  A N L  
ZMASTER AGREEMkNT 9 
3 / 4 0 X  
4MCDONNELL DOUGLAS 
5 6 3 X s l O H I N P U T  D A T A  

C 

I Iur u r o d  
l ~ P U 9 7 0  
1AP u Y O 0  

I , \P 0 Y Y 0 
3 1H I iuP 1330 

M O T I O N S  PRGOKAM - PLATFuK id i  L A i u d c d  / 9 Y X 9  3YHItuPlUsO 
CONTRACT N A S l - k I 1 3 7 r  TASK O K U c l i  i'Ui4ldtK T W O  I I O L  o 

56H I I \P 1010 
A S T R O N A U T I C S  COMPANY9 E A S T L R N  O I V l S I O N  / /  / / /  1 W  10'tQ 
/ I / )  I i'iP 10 5 0  

1000 R E A D (  5,99999) I C h l R L  9MMM, ( DUiWiY ( I ) 9 I = l e 6 )  
99999 FORMAT(A491X913r2X*6FlO*l) 
C 

I F ( 1 C N T R L e E U e h t X T )  GO T U  885 
I F ( 1 C N T R L e E Q e S T O P )  5 T Q P  

. .  C 
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C ICNTRL= *NEXT* SIGNALS 
C CHECKING AND A RLTURN 
C ICNTRL- *STOP* SIGNALS 

THC tND OF A DATA St 

THE END OF A RUN AlUD 
0 THE MAIN PRUbRAMe 

MM=MM+ 1 

IFLMMM-LT. l..OR.PIMM.GT-23 1 GO TO 1001 
ITEST(M_MM)=ITtSTLMMM)+1 

C 

C 
1001 MMMM(MM)=MMM 

AND THE bTAkT OF 

A STOP. 

1002 CONTI NU€ 
IF(M:+i?',.E1).22) GO TO 22 
IF(MMMeEU.23) GO TO 23 
I F ( 1'1 MI4 e L T a 1  10 o OR * MWM 6 T e 12 1 
MlzMMM-109 
GO T 0 ( 1 1 0 ~ 5 5 5 5 ~ 1 1 2 ~ 5 5 5 5 9 1 1 4 ~ 5 5 3 5 ~ l l 0 ~ 1 1 ~ ~ 1 l ~ ~ 1 ~ Y ~ ~ ~ O ~ A L l ~  * M i  

GO TO 1003 

C 
1003 CONTINUE 

IF (MMb! .LTe216~ORoMMM.6ToZ21)  GO TO 1004 
Ml=MMM-215 
GO T O ( 2 1 6 ~ 2 1 7 ~ 2 1 8 ~ 2 1 9 r 2 2 0 9 ~ 2 1 ~ ~ M l  

C 
1004 CONTINUE 

IF(i414MetUe319)GO TO 319 
IF(MMM.tQo320)GO TO 320 
IF(MMM.€U.321)GO TO 321 
IF(MMMe€0.421)GO TO 421 
IF(MMMeEQe521)GG TO 521 
IF(WMM.tC.621) 60 TO 621 
IF(MMMeEQ.721) GO TO 721 

c 
5555 WRITE(695556) MMM 
5 5 5 6  FORMAT(24H INVALID CARD NUMBER -- 14) 

NOGO=1 
GO TO 1000 

1 IStHNO 
GO TO 1000 

2 RXVELO 
RYVELO 
RZVELO 
WXO 
WYO . 
wzo 
GO TO 1000 

=DUMMY ( 1) 

=DUMMY (1 1 
=DUMMY ( 2 1 
=DUMIV,Y 13 1 
=DUkMY t 4) 
=DUMMY 1.5 1 
=DUMMY 16 ) 
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3 Z E T A 0  
P S I 0  
T H T A O  
PHI0 
G 
GE 
GO TO 1000 

4 H S X l  
HSY 1 
HSL1 
H C X l  
HCY 1 
HCZ 1 
GO TO 1000 

5 PLIM 
SEQM 
FPM 
Ci3 TO 1460 

6 uxx 
UY Y 
UZZ 
UXY 
uxz 
UY L 
GO TO 1000 

7 ucxx 
UCYY 
uczz 
UCXY 
ucxz 
UCYZ 
GO TO 1000 

8 usxx 
USYY 
us22 
GC TO 1000 

9 DT 
TMAX 
NPR I NT 
hGFOR 
GO TO 1000 

io rlspc 
NCPC 
NOKUN 
I I N P  
N 5 s c = NSP c 
NCSC=NCPC 
GO TO 1000 

C 

=DUMMY ( 1 )  
=DUMMY ( 2  I 
=DUMMY ( 3  1 
=DUMMY (4) 
=DUMMY ( 5  1 

=DUMMY I6 1 

=DUMMY ( i 
=DUMMY ( 2  
=DUMMY ( 3  ) 
=DUiWY ( 4  
=L;CiMMY ( 3 
=DUMMY ( 6 

=DUMMY ( 1) 
=DUMMY ( 2  1 
=DUMMY ( 3  1 

=DLJCIMY ( 5  1 
=DUMMY ( 0  

= e w w  ( 4 )  

=DiiplMY ( 1) 
=DUMMY ( 2 1 
=DUMMY (3 

=DUMMY 
=DUMMY 
=DUMMY 
=DUMMY 

1) 
2 )  
3 )  
4 )  
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11 K A 1  
GO TO 1000 

C 
12 KA 

KS=KA 
GO TO 1000 

C I 

1 3  NTYPE 
GO TO 4000 

C 
1 4  S O I L P ( 1 )  

so1 L P (  2 1 
so1 L P  ( 3 1 
GO TO 1000 

. 

C 
1 5  LE.! 

LMDAMP 
V I  SLM 
CTLM 
SHCLM 
SHCLMT 
LS=LM 
GO TO 1000 

C 
16  I R E T  

GO TO 1000 
C 

17 J K  
JKDAMP 
V I S J K  
CTJK 
SHCJk 
SHCJKT 
J J = J K  
GO TO lC00 

C 
i a  NPAR 

NPAS=NPAH 
GO TO lU00 

C 
19 NRR 

NRS=NRR 
GO TO 1000 

C 
20 IACCEL 

NOACAP 
NOACCH 
NOACHS 
NOACAS=NOACAP 
NOACCS=NOACCH 
NOACSS=NOACHS 
GO TO 1000 

C 
- 21 NOMODE 

NTCOR 
MORDER 

=DUMNY 1) 

=DUMMY (1 1 

=DUMMY ( 1) 

=DUMMY (1 1 
=DUNMY ( 2 )  
=DUPiiMY 1 3  ) 

=DUi.IMY 1 1  1 
=DUMMY ( 2  ) 
=UUMMY ( 3  1 
=DUMMY (4 ) 
=DUMMY ( 5 ) 
=DUMMY (6 ) 

=DUMMY (1 1 

=DUMMY ( 1) 
=DUMMY 1 2 1 
=DUMMY ( 3 1 
=DUMMY 1 4  1 
=DUMMY 1 5  ) 
=DUi4MY ( 6 1 

=DUMMY ( 1) 

=DUi'lMY 1 1  1 

=DUMMY 1 1  1 
=DUMMY 1 2  1 
=DUMMY ( 3 1 
=DUMMY ( 4 f 

=DUMMY (1 ) 
=DUMMY ( 2  ) 
=DUMMY 1 3  1 
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NOMDS=NOMODE 
N T C ORS = H T COR 
MOSAV = MOR3EH 
IF1ICNTRLeEOeNtXT) GO TO 885 
GO TO 1000 

C 
e 

22 INATT 
TC 
DCM 
CFM 
GO TO 1000 

C 
23 THICK(1) 

THICK ( 2 ) 
THICK( 3 
THICK ( 4 )  
Trl ICK ( 5 ) 
THICK ( 6 
GO TO io00  

C 
110 NSPS(ICHK15+1) 

NSPS(ICHK15+2) 
NSPSlICHK15+3) 
KS?S(ICHK15+4) 
hSPS(ICHL15+5) 
NSPS(ICHK15+6) 
ICHK15=ICHK15+6 
GO TO 1000 

112 ICHKl=lCdKl+l 
RIhCX(ICHK1) 
RHO(ICtiK1) 
NI(ICHK1) 
GO TO 1000 

114 ICHKZ=ICHKZ+l 

C 

C 

SLtiTH ( 1 3  ICHKZ ) 
FC(lyICHK2) 
SLGTH(291CHK2) 
FC( 2 9ICHKZ 1 
SiGTri(3,1CHKZ) 
FC ( 3  rICHK2 1 
ISSX=6 
GO TO 1000 

116 ICHK3=ICdK3+1 
XLl(ICHK3) 
YLl(ICilK3) 
Z L l ( L C t i K 3 )  
XM2 ( I CHK3 I 
YM2 ( lcHK3) 
2H2 I C d K 3  1 
GO TO 1000 

117 ICHK4=ICiiK4+1 

C 

C 

X I C l ( I C H K 4 )  

=DUWMY ( 2  
=OUI.IMY ( 3  
=DUMMY ( 4 

=DUMMY 
=DUMMY 
=DUlJIMY 
= D UiIY Y 
=Licli.iMY 
=GUMMY 

= DU 14MY 
=DUMMY 
=DUivlMY 
= D U KM Y 
=DUt4MY 
=DUMMY 

=DUPIMY 
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YKl(ICHK4) 
ZKl(ICHK4) 
XJ3(ICHK4) 
YJ3(ICHK4) 
ZJ3(ICHK4) 
GO T0,1000 

118 ICHK13=ICHK13+1 
C 

PLGlUOF 
PK 
FPX 
FPY 
FPZ 
PHITE 
GO TO 1000 

11 9 I CHKl2 =I CHK 12+ 1 
RRXl(ICHK12) 
RRYl( ICHK12 ) 
KRLl(ICHK12) 
RRXZ(ICHC12) 
RRYZ(:CHK12) 
RRZZ(ICHK12) 
GO TO 1000 

120 ICHK7=ICHK7+1 

C 

C 

CAP(lrICHK7) 
CkP(2rICHK7) 
CAP(3rICtlK7) 
GO TO 1000 

121 ICHK16=ICHK16+1 
C 

NATT(ICHK16) 
NATT(ICHK16+1) 
NATT(ICHK16+2) 
NATT(ICHK16+3) 
NATT(ICHK16+4) 
NATT(ICHK16+5) 
ICHK16=ICHK16+5 
IF(ICNTRL.EQ.NEXT) GO TO 885 
GO TO 1000 

216 ICHKB=ICHKB+l 
COEFllrICHK8) =DUMMY ( 1) 
COEFT ( i 9 ICHKB =DUMMY ( 2 1 
FFLM ( 1 CHK8 1 =DUMMY ( 3 
FFLMT(ICHK8) =DUMMY ( 4 1 
GO TO 1000 

217 ICHK9=ICHK9+1 
. COEF( 2 a ICHK9 1 =DUMMY L 1 ) 

COEFT (2 9 I CHK9 1 =DUMMY ( 2 ) 
FFJK(IChK9) =DUMMYI3) 
FFJKT ( XCXK9) =DUMMY ( 4  1 
GO TO 1000 

C 

C 

C . .  
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2 1 8  I C H K 1 4 = I C H K 1 4 + 1  
PXVEL 
PYVEL 
PZVEL 
A P X l  
APY 1 
A P Z l  
GO TO 1000 111 

C 
2 1 9  ICHK5=ICHK5+1 

T Y 41 ( ! CHK 5 9 1 1 
TYMLICHK592)  
T YI4 ( I CAK5 9 3 1 
T Y M ( I C h K 5 y 4 )  
TYM ( I CHK5 7 5 ) 
TYMLICHK576)  
GO TO 1000 

2 2 1  I C H K 1 7 = I C H K 1 7 + 1  
C 

COORD(ICHK17, l )  
C O O R D ( I C H K 1 7 ~ 2 )  

XDUiV1MY ( i  
=DU!.lrVlY ( 2  
=DUMMY ( 3  
=DUI4MY ( 4  
=DUMMY ( 5  
=DUMMY ( 6 

=DUkMY (1 
=DUMMY ( 2  
=DUi~iMY ( 3  
=DUMMY ( 4  
=oUi.iMY ( 5  
=DUMMY L b 1 

=DUPlMY (1 1 
=DUMMY ( 2 )  

c 

IF( ICNTRLeEQeNEXT 1 GO T O  8 8 5  
GO T O  l U 0 0  

220  I C H K l O = I C H K l O + l  
CCH ( 1 9  l C H K l O  
C C H ( Z 9 I C H K 1 0 )  
CCH( 3 9  I C h K 1 0 )  
GO TO l U 0 0  

319 I C H K 6 = I C I i K 6 r l  
THRR ( I CHK 6 9 1 ) 
T t iRH I i CHK6 9 L 
T H R R ( I C H K 6 r 3 )  
THRK t I C H K 6  9 4 
T H R K ( I C H K 6 r 5 )  
T H K K ! l C h K 6 9 6 )  
GO TO 3000 

320 I C H K l l = I C H K l l + l  

C 

C 

C H S ( 1 9 I C H K 1 1 )  
C H S ( 2 s I C H K l 1 )  
C H S ( 3 9 I C H K 1 1 )  
GO TO l O O G  

C 
3 2 1  I C i l K 1 8 = I C H K 1 & + 1  

F P P h I  ( l C t i K 1 8 , l )  
F P P H I ( I C H K 1 8 r 2 )  
F P P H I  ( 1CI-lK1893 1 
F P P H I ( I C H K 1 8 9 4 )  
F P P i i I ( I C H K 1 8 9 5 )  

=DUHMY 
=DUMMY 
=DUMMY 
= 0 U?lM Y 
=DUMMY 
= 2, UMM Y 

=DUMMY 
= D UPIM Y 
=DUMMY 

ZDUiJIMY 
=DU:4MY 
=UUilMY 
=DUMMY 
=DUiSMY 

IF( ICNTXLeEQoNEXT) GO TO 
GO TO 1000 

421 I C H K 1 9 = I C H K 1 9 + 1  
C 

OMEGA(ICHK19) =DUMMY 
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CM(ICHK19) =DUMMY ( 2 1 

GO TO lU00 
IF(1CNTRLeEkJoNEXT) b0 TO 

C 
521 ICHKZO=ICHK20+1 

WNX(iCtlK20) =GUMMY 
NNY ( lCHK20 1. =GUMMY 

' WNZ (aCHK20 1 =DUMMY 
PX( ICHK2.0) =DUMMY 
PY(ICHK20) =DUMMY 
PZ(ICHK20) =DUMMY 

GO TO 1600 

621 ICHK21=ICHKZ1+1 

IF(1CNTRLeEQeNEXT) GO TO 

C 

k31AM(l,ICHK21) =DUMMY(l) 
NDIAM(29ICHK21) =DUMMY(21 
ND1 A N (  3 9 ICHKEl =DUMMY ( 3 1 
GO TO 1000 

721 JCHK22=ICHK22+1 AMASS(ICHK~Z) =DUMMY ( 1 )  
AMASS ( I CHK22+11 =DUMMY ( 2 1 
AMASS ( I CHK22+2 1 =DUWMY ( 3 ) 
AMASS ( ICt11(22+3 1 =DUM,h.1Y (4) 
AMASS L 1CHK22+4) rGUi4MY ( 5 1 
AMASS( ICHS22+5 1 =DUMMY ( 6  1 
ICHK22=ICHK22+5 

GO TO 1 U O O  

C 

IF(1CNTRL.EQetUEXT) GO TU 885 

C 
C CHECK FOR INPUT dATA ON TAPE 
C IINPP1-TAPE JATA EXPECTED 
C 

885 CONTINUE 
IF(IINPoNt.1) GU Tu 3000 
R E A D ( ~ ~ B ~ ~ ~ ~ ) C I M M V ( D ~ M ~ Y ( I ) ~ I = ~ ~ ~ )  

88888  FOIilriHT ( 5X 9 i 3 
IF(EOF94) 3000*3500 

MM=MM+ L 

9 t k l 0 0  9 1 

3500 CGNTINUE 

IF(MMM.tUr21) ITrST(MMM)=ITtST(MhM)+1 
MAMMM ( MM 1 =MMM 
IF(MMMeEQeZ1) GO TO 21 
IF(MMMeEOal.21) G3 TO 121 
IF(MMMeEQe221) GO TO 221 
IF(MMMmEQe32.1) GO TO 321 
IF(MMM.tL4-421) GO TO 421 
IF(MMMetU.521) GO TO 521 
IF(MMMeEUe721) ti0 TO 721 

C 
C CdECK DATA OtCK AbAINST CUNTKOL IhFutWATLOi'I ' 
C 
3000 CONTINUE 

IF(MMeGT.0) GO TO 886 
WRITE (6 98889 
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1GO TO 504 
NCARD=114 
NOGO= 1 
vdRITE(696666) NCAKD 

C 
C CHECK FOR CARD 116 

504 I F ( I C H K 3 - L S ) 5 0 5 , 3 0 t i ~ O >  
505 NCXRo=116 

NOG0=1 
WRITE(6pb666) NCARO 

C 
C CHECK FOR CARD 117 
506 IF(ICH&4--JJ)507r5089507 
507 NCARu=117 

NOGG=i 
k~R1Tt(uro666) NLARU 

C 
C CHECK FOR CARD 118 

5 0 8  I F ~ ~ I C ~ K ~ ~ . E O O O . H ~ D ~ N P A S ~ ~ W . O ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ A ~ ~ ~ ~ P ~ ~ ~ ~ ~ ~ ~ ) ~  
1C-0 TO 510 
NCARD=118 
NOGO= 1 
WRITE(S,6666) NCARD 

C 
C CHECK FOR CARD 119 

510 IFLICHK12-NRS)5llr~l2,511 
511 NCARu=llY 

NOGO=1 
WRITt(6gb666) NCARD 

C 
C CHECK FOR CARU 120 
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512 IF(ICHK7-NOACAS)513s600~513 
513 NCARD=l20 

NOGO= 1 
WRITE(696666) NCARD 

C 
C CHECK FOR CARD 121 

600  I F L ~ ~ ~ K l 6 . E Q . O . A 1 \ 3 D . M O S k V o E O * O ) G O  TO 514 
I F (  ( I C ~ K ~ ~ ~ ~ G ~ ~ O . ~ N D . M O S ~ V . N ~ ~ O ) ~ O K ~ ( ~ C H ~ ( ~ ~ . ~ \ ~ ~ ~ O D A I Y O ~ I ~ I U ~ A V . ~ ~ ~ O ) )  

1GO TO 602 
NNK = ICHK16 
DO 601 I = lrNNK 

601  I F ~ N A T T ~ ~ ~ ~ ~ ~ ~ O ~ A C ~ K ~ O ~ I ~ H K ~ ~ ~ ~  
IF(ICHK16-M0SPV)602~514~602 

602 NCARO=121 
NOGO=1 
WRITE(696666)NCARD 

C 
C CHECK FOR CARU 216 

514 IF(ICHKB-L5)515,jl6r515 
515 NCAHU=216 

N O G O = l  
WRITc(6,0666) NCAHD 

C 
C CHECK FOR CARL, 2i7 

516 IF(ICHK9-JJ)517r518,~17 
517 IriCARD=217 

NOGO= 1 
WRITE(6t6666) NCARD 

C 
C CHECK FOR CAR0 218 

518  I F ( ( I C H ~ 1 4 ~ E U . O ~ A N D ~ N P A S l t U . O ) . O H o ( I C h K I 4 * ~ U ~ l ~ ~ N U ~ N P ~ ~ e ~ ~ ~ l ~ ~  
1GO TO 519 

C 
C 

519 
520 

C 
C 

52 8 
522 

C 
C 
603 

. 604 

C 
C 

NCARD=2 18 
IrrOGO=l 
WRITt(br6666) NCARD 

CHECK FOR CARD 219 
IF(ICHK5-NRS)520,528~520 
NCARD=219 
N030=1 
WRITE(696666) NCARD 

CHECK FOR CARD 220 
I F ( I C H K l O - N ~ A C C S ) ~ 2 2 ~ O O 3 ~ ~ ~ 2  
NCAR3=220 
NGCO=l 
CRITk(b90666) NCARO 

CHECK FOR CAR0 221 

I F ( I C H K 1 7 - N T C O R S ) 6 0 4 r 5 2 3 , 6 0 4  
I F ( I C H K 1 7 e E U e O i A N D e N O M D S c E U . O ) G O  TO 523 

NCARC1221 
NOGO=l. 
WRITE(bs6666)NCARD 

CHECK FOR CARD 319 

IIUPS fJ 10 
I rup 5 o 2 0 
INP3o30 
I N P 2 o 4 0  
INP5650 
INP2660 
I NP 30 70 
1 I\? 3 oaO 
I IYtJ > O Y  u 
I n P 2 7 0 u  
I ruP > 7 1 0 
Ilur3 [LO 
1 IUP 3 ? j 0 
I N P 5 7 4 0  
1NP3750 

1NP5770 
l l W 3  l & 0  
I lUP3 7 Y 0 
i rur 2ouo 
I IUP 30 1u 
I Iur 3 o~ u 
I IUtJ 3 630 
1 ~ 2 6 4 0  
IlUP2630 
Il\t'38b0 
I luP 3Cr 70 
lNP5bdO 
1 IUP 3 8 3 0 
I PIP 3 Y  JD 
I IYP 5 Y 10 
llVP 3 Y L O  
I I Y P 3 Y 2 b  

I ruP 3 Y 20 
I l\P 3 Y el0 

1hP3Y80 
I W 3 Y  Y 0 
I I \ t P O O O O  
I ILP 00 10 
I luPooi0 

I ILP ooiic) 
I hP b 0  2 0  
I IUP O i l  bU 
l lvP 00 7 0 
I IUP 00 0 c) 

Il*P O O Y  0 
I h P  0 100 
I l V P O l l O  
I ILP 0 120 
INP 0130 

1NPoISO 

I h P 3  l b a  

I l\p 3 Y 4 U  

I I ~  > Y  70  

IILPbU30 

I N P O L 4 0  

I h P b l b U  
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523 IFi~C~Kb-NRS1524,~25,524 
524 NCARD=319 

NObO=l 
WRITE(69O666) NCARD 

C 
C CHECK FOR CARD 320 

525 IF(ICHKll-N~~CSS)~Z69j27,j26 
526 NCARi)=320 

NOGO=l 
URITElor0666) NCHKO 

C 
C CHECK FOR C A W  321 

527 I F ~ I C ~ K ~ B . E Q . ~ . ~ I L U ~ N ~ ~ D ~ ~ ~ ~ ~ O I ~ ~  TCi bOB 
IF(ICHK18-(3+~TCUKS))6O~vbO6~bO5 

605 NCAR3=321 
NOGO=1 
WRITE16*6666)NCAHD 

C 
C CHECL CARD 421 
606 IF(ICHK19-NO~~DS)607~608,607 
607 lriCAd3=423 

c L 

C 
608 
609 

c 
C 

610 
611 

C 
C 

612 

613 

614 

615 

6660 
c 

1GO TO 614 1 I U P  0500 
NNK = ICHK22 
DO 613 I 19NNK 

I F (  I CHK2i-MOSAV) 614 90159614 
IF(AMASS(I)~tU.O.O)ICt~icZ2 = 1ChK22-1 

NCkRD=72 1 
NGGU = 1 
WRLTZ(6>666b)NCAtiO 
CONTINUE 

FORMAT (56H DATA OECK D O t S  NUT A b l i t t  WITH LCIIUIKUL 1iUFuKMAllUho C H K I l U ~ O b o O  
1D 1491tle) I IUP bo 7 0 

C 1 bur bod0 
C JTEST IS A FLAG TO SIGNAL. THAT THt F I N S T  DATA SLT IS ~ C A L J O  JTtST I I u P O O ~ O  
C IS ZERO ONLY DURING TRE FIRST DATA SLTe I r4? b7 00 
C IF (JTESTeEQa1)GO TO 773 INPb7PO 
C Ll'tPo 730 
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C C A W S  1 TtiROubtl 23 MUST nL H t A u  OlVCt ANU UprLY UALL Fbd Tnt I n P o  (40 
C FIRST D A T A  StT. TrlIS LUOP CrltCKS Tnia FOK T h t  FlnbT UHTA ScTe I lVPO 71u 
C 

DO 777 I = 1923 i w o i 7 u  
IF(ITiST(I)-11441r777~442 I IUP 0 7  &U 

InPb7Y0 
4441 FCRMAT(6H CARD 12926H WAS W T  INCLUOtO I N  O ~ C K D )  I NP 0 0 0 0 

442 WRITE(bs4442)111TEST(11 I l lPb820 
4442 FORMATfbH CARD I2915H HAS BEEN USLD 1497H TiMES.1 I NP b b 3 0 

776 NOGO=l I I\P b t) 40 
777 CONTINUE I ruP 0 0 3cI 

l i \ ~ O / b o  

441 WRITE(694441)I 

GO TO 776 INP6610 ' 

GO TO 780 I Sip0 0 b U 
C 1 IUP 0 5 7 c) 
C CARDS 1 THKOUbH 23 MAY UH M A Y  hOT UC rib40 UN bULLc&VlI\b UhTW bLTbmli\k'ooaO 
C THIS LOOP CHtCKS TU btL THAT ALL i A W a  1 TU L3 HAVc I U S  t%kN RCAIJ 11uPvo30 
C MORE THAN OK;: FUR ALL V A T &  S L T S  LXCLPT T A L  FI t tb r .  I IUP O Y  0 0 

778 DO 779 I = l e 2 3  I IUP C Y  20 
IF(ITEST(I).LE.~) GO TO 779 1 IuP 6 9 3 0 
WRITE(Sr4442)I,ITEST(I) limp O Y 4 0  
NOGO= 1 IhPbr5O 

779 CONTINUE I IW 6 960 
IAPb970 
I l U r '  O Y  a 3  780 WRITE (6 99003 1 (MlviiW ( I 1 9  i =LrMM) 

9 0 0 3  FORMAT(28rl ivCW CAKDS & € A U  T i 1 1 5  HUIU -- 2 6 1 4 / 1 L 8 X ~ L b 1 4 ) )  IlUP b Y  Y 0 
CALL XTRA 1IW /0oc) 
IF(NOGOokQ.1) STOP I N P 7 U i O  
JTEST=l IlVP l O L O  
RETURN IhP7030 
END XluP7040- 

C 11'4pbY10 

C 
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C 
C 
C 
C 
C 

C 

C 

C 

C 

C 

C 

c 

C 

C 

C 

C 

C 

C 

C 

C 

C 

SUBROUTINE I N I T  INT 10 
I N T  20 
I i u T  30 
1 ivT  4U 
I i I T  30 
IikT bJ  
I i v T  70 
I i ’4T bo. 
1NT Y O  
11mT 100 
IiUT L A O  
INT 110 
IiUT 130 
I ivT  140 
lNT 190 
I i v T  100 

170 
10u 
IYO 
L U U  

113 
LLO 
13u 
140 
150 
LOO 
17u 
L d O  
L Y O  
3UU 
32u 
>LO 
:,10 
240 
350 
3 b b  
370 
360 
3y0 

400 
410 
420 
4 3 U  
44u 
450 
460 
470 
460 
490 
5 0 0  
910 
S Z O  
23d 
340 
3 3 U  
260 
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C 

C 

c 

C 

C 

C 

C 

C 
C 
C 

C 
C 
C 
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C 
C 
C 

IO 

2i) 
C 
C 
C 

30 

40 
C 
C 
C 

C 
i 
C 

C 
C 

THTACsTHTA 
RXVEL=KXVELO 
R Y v ~ L = H Y V E L O  
RZVEL=kLVELO 
WX=WX0*PIE/180. 
WY=WYO*PIE/180. 
WZ=WZO*PIE/18@* 

I) 

I N I T I A L I Z E  RETHO ROCKET R L U T I h E  

I F  (NRHeLE.0) GO TO 10 
C A L L  R E T K O l  
GO TO LO 
F RR X=O. 0 
FRHY'O 00 
FRRZ=OeO 
TRKX=O e 0 
TRRY=OeO 
TRRZ=OeO 
CONT I NU€ 

I N I T I A L I L E  PAHKi-ILiTE ROUTINE 

I F  LNP.4K.rQ.O) GO 70 30 . 
C A L L  PARA1 
GO TO 4 G  
FPPX=O.O 
FPPY=O a 0  
FPPZ=OeG 
TPPXl=Oe 0 
TPPY l=O e 0 
TPPL 1=0 e 0  
CONTINUE 

DETtHMIFII; T R I t r  WNSTHNTS 

c O s P s I = c u s ~ P s l )  
COSSh=COS(Tt iTA) 
C O S P k I = C O S ( P t i I )  
S I  N PS I =S I N ( FS I 1 
S I N T H = S I N ( T h T A )  
S I N P H I = S I N ( P H I )  

D I X E C T l O N  COSINES 

Dl l=COSPSI*COSTH 
D12=COSPSI*S I ivTrl*SI h P h I  -5 INPS1 *Cc)bPh I 
U13=>I i\lPSI*SIruPkIl +CUSPS1 *Si iUTh"iU5Prl I 
C Z l = S I N P S I * C O S T H  
U22=CuSPSI*C3$PHi+Sl i \ iF 'Si*Si i~Tr i*St l + H l  
023=SINP~I*SINT~*CO5PflI-CU$P~I*SIl~~Hl 
D 3 1 =-S I NT H 
D32=COSTH*SINPHI 
D33=iOSTH*COSPHl 

I N I T I A L I Z E  FOR STRUT FOHCE CALCULATIONS 
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C 

50 

60 

70 

80 
C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 

90 
C 
C. 

CALL SUBROUTINE 
FOOTPAD SURFACE 

CALL FPAREA 

GETERMINE MOLiAL 

TO COMPUTt INCHEMtNTAL ARcA INFURMATION AtrOUT 

PATTtKNS AT KEUUIKLO POIIUTS ui\ THc F3JTPkJ 

IF (NOMODEaGTeO) CALL TRAMOU 

ADJUST COORDINATES OF G K O U W  CUhTkUL POINTS TO ACCUUrrT FOH 
SECOkDARY ATTEI\;UATOI.( ON 6OTTUM OF FOOTPAD 

DO 90 IIl=l,KA 

DO 90 II2=lrIIS 
E X ~ I I 1 ~ I I 2 l ~ E X 1 I I l r I I 2 ~ + T H I ~ ~ ~ l I l ~ * U ~ k X ~ I I l ~  
E Y ~ I I l r I I 2 ~ ~ t Y ~ I I 1 ~ I I 2 ~ + T H I C ~ ~ I I l ~ * U l ~ Y ~ I I l ~ ~ l 2 ~  
EZ(IIlrII2)~EZ(~llrII2)+ThI~K(II1)+UNLLIIl~~I2) 
CONTINUE 
D€Tk.ilMlNc INITIAL LOCAT1Oh.Uk LAIVutR 

I IS=NI ( I I1 ) 

DO 100 I=lsKA 
RRAD(II=SQRT(EY(Ivl)**2~tZ(I~l)**2) 
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100 R N G X P ~ I ~ = D 1 1 * E X ~ I ~ 1 ~ - S Q R T ~ D l 2 * D l 2 + D l 3 * ~ l ~ ~ ~ ~ R A ~ ~ l ~  
C 
C F I N D  LOWEST R I N G  
C 

L O W E S T = l  

R h G M I N = R R G X P ( l )  
I F  ( K A e E Q e l )  GO TO 120 

bo 110 1=29KA, 
I F  (RNGXP(  I )  eGE.KNGMIN) GO TO 110 
LOWEST= I 
RNGM I N=RNGXP ( I 

110 C O N T I N U E  
120 C O N T I N U E  

C E N T H S = - ~ l l * E X ( L U W E S T ~ l ~ + S ~ R T ~ D l 2 * ~ 1 2 + D l ~ * U l ~ ~ * R ~ A ~ ~ L ~ ~ ~ S T ~  
C 
C L O C A T I N  CIF FOODPAL; C e b e  A T  I N I T I A L  GROUND COl\,TACT 
C 

RSX=CENTHS 
R S Y = D 2 1 * H S X l + u 2 i * H S Y l + D L 3 * i i S Z l  
R S Z = ~ 3 l * H S X l + u 3 L * H S Y l + D ~ ~ * i - i S ~ l  

C 
C L O C A T I O N  OF P A Y L d A D  C.G. A T  I N A T I A L  oKOlJ,I\IJ CbfUTACT 
C 

RX(1)=RSX-Dll*HSXl-Dl2*tiSYl-Dl3*HSZl 
RY=OeO 
R Z Z O e . 0  

C 
C 
C I N I T I A L  L O C A T I O N  G F  L u U I P o  C . ~ O  AT I l v l T I A L  L~?OUI\IE CUhTACT 
C 

R C X = O l l * n i X 1 + ~ 1 2 * t i C Y 1 + ~ 1 3 * h ~ ~ l + ~ X ~ l ~  

R C Z = U ~ ~ * H C X ~ + L J ~ ~ * I - ~ C Y ~ + D ~ ~ * H C ~ ~  
H C Y = ~ 2 l * H C X l + u i 2 + h C Y l + ~ L 3 * ~ c ~ l  

C 
C 
C CONTACT P O I h T  I N  F I X E D  COi lKDe S Y S T t N  
C 
C I N I T I A L  E Q U I P .  V c L O C I T I L S  
C 

G C X = i - i C Y l * d Z - H L L l * K Y  
WCY=HCZl *dX- t iCX l *WL 
W C L = H CX 1 * d Y -HC Y 1 * W X 
R C X V E L = R X V E L + O l l * b l C X + u l 2 * d C Y + ~ l 3 * w C Z  
R C Y V t L = R Y V L L + U 2 1 * ~ C X + ~ 2 L * ~ ~ Y + J ~ 3 * ~ ~ 2  
R C Z V ~ L = R Z V E L + O ~ ~ + U C X + U ~ L * U C Y + D ~ ~ * ~ C Z  

wcx=wx 
WCY-WY 
wcz=wz 

C 

C 
C I N I T I A L  FOOTPAD V E L O C I T I E S  
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R S Y V E L = R Y V E L + D ~ ~ + Q S X D U M + D ~ ~ * G & Y D U I V + D ~ ~ * ~ S Z L ) W I  
R S Z V t L = R Z V E L + D 3 1 * Q S X D ~ I V + ~ 3 ~ * ~ S Y ~ U l ~ i + ~ ~ 3 * ~ S Z ~ U ~ l  

wsx=wx 
WSYEWY 
WSZ=WZ 

C 

C 

C 
C NORMIAL COOHDINAT~ INITIAL CUNDITIUNS 

DO 130 JJ=l ,NOMOOE 
Q ( JJ ) -000 
QD( J J ) = U e O  

130 QDD(JJ)=OeO 
C 
C S E T  UP I N I T I A L  V A L U E S  FOR I N T E G R A T I O N  ROUTlNt 
C 

T ( l ) = R X ( l )  
T (  2 )=RY 
T ( 3 ) = R Z  
T ( 4 ) = R X V E L  
T (5 1 =RYVEL 
T ( 6 ) = R Z V E L  
TL 7 )=WX 
T ( 8  1 =WY 
T (  9 )=WZ 
T ( 10) =HCX 
T (11 )=RCY 
T ( 1 2  )=RCZ 
T ( 1 3 ) = R C X V E L  
T ( 1 4 ) = R C Y V E L  
T ( l S ) = R C Z V E L  
T (16) = k C X  
T ( 1 7  ) =WCY 
T (18 )=IuCZ 
T ( 1 Y ) = R S X  
T ( 2 0  1 =KSY 
T ( 2 1  1 =RSL 
T ( 2 2 ) = K S X V E L  
T I 2 3 ) = R S ’ f V E L  
T t 24 1 = R S Z V E L  
T ( 2 5  1 =WSX 
T ( 2 6  1 =WSY 
T ( 2 7 ) = W S Z  
T ( 2 8  )=PSI 
T ( 2 9 ) = T H T A  
T ( 3 0 ) = P H I  
T ( 3 1 ) = P S k C  
T 1 3 2 ) = T H T A C  
T ( 3 3 ) r P d i C  
T ( 3 4 ) = P S I S  
T ( 3 5 ) = T t i T A S  
T ( 3 6 ) = P H I S  
I F  (NOMODEeEQoO) GO TO 1 5 0  
NPD=36+NOMODE 
DO 140 I=l,NOMODE 
T ( 36+ I ) -0 ( I 1 
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C 
C 
C 

NQD=NOD+I 
140 T ( N U D ) = U L J ( I )  
1 5 0  CONTINUE 

T ( l + N N ) = T I M t  
SPACE=DT 

C 
C I N I T I A L  PAYLOAD ACCELERATIONS 
C 

. ,< 

AX=O m 0 
AYsO.0 
AZ=OeO 
WDX=0 e 0 
UDY=O a 0 
k iDZ=OeO 

I N I T I A L  € Q U I P *  ACCCLCZATIUNS 

C 
C 
C 

C 
C 
C 

C 
C 
C 

ACX=G. 0 
ACY=O e 0 
ACL=Oe 0 
WDCX=O.O 
UDCY=OeO 
WDCZ=OeO 

I N I T I A L  FOOTPAL) A c C t L t R A T I O N S  

ASX=O e 0 
ASY=O. 0 
ASZ=O e 0 
hdSX=G e 0 
W DSY=O e 0 
W D S Z = O  o I] 

PAYLOAD ANGULAR ACCEL. CONSTANTS 

D = L J X X * U Y Y * U L f - 2 . O ~ ~ X Y * U Y ~ * U X L U X * U Y L * U Y ~ - U Y Y * U ~ l * U X L - U L ~ * L J X Y * ~ ~ ~  
t=l*O/D 
CXX=(UYY*ULL-UYL*UYL)*t  
CXY=(UYZ+UXL+UXY*~LL) ”E 
CXZ=(UXY*UYZ+UXL*uYY~*L 
C Y X = ( U X L * U Y ~ + ~ X Y * J Z L ) ; ~ E  
CYY= (UXX*UZZ-UXZ*UXL )*E 
CYZ=(UXY*UXZ+JYL*uXX)+E 
CZX=(UXY*UYZ+UXi*UYY)*E 
CZY=(UXZ*UXY+UYZ*UXX)*E 
CZZ=(UXX*JYY-UXY”bXY)+E 
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C 
C 
C 

160 

170 

C 
C 
C 

C 
C 
C 

i80 

190 

CCYY=(UCXX+UCLL-UCXZ*UCXZ)*E 
CCYZ=(UcXY*UCXz+UCYL*ucxx~*€ 
CCZX=( lJCXY*JCYz+UCXL*ucYY~*L  
CCZY=(lJCXZ*UCXY+iJCYL*u~xxl*E 
cczz=(ucxx*ucYY-lJcxY*ucXY~*L 

I N I T I A L  ATTENUATOR LENGTHS 

DO 168 I = l , L M  

I FIT 3 930 
111 T 3 940 
Iiu T > Y  30 
I i u T 3 Y o O  
I i v T  3 Y  70 
I N T 3 9 8 O  
I iuT 3 Y 90 
I I~ T 4000 
I N T 4 0 1 0  

I N I T I A L I Z E  FOK F d O T P A D  - S O I L  C A L C U L H T I b N S  

FSGXZO e 0  
FSGY=O a G  
FSGI=OeO 
TSGX=O.O 
TSGY=O ec) 
TSGZ=O -0 

I N I T I A L I Z E  FOR P f i I N T I N G  

DO 180 I = l s 6 ,  
T C S O ( I ) = O e O  
O F C M A X ( I ) = O e O  
O F C M I N ( I ) = O e O  
O L C M A X ( I ) = S L J K O ( I )  
O L C M I  N ( I 1 = S L J K O (  I 1 
O L C B (  I )=0.0 
O L C L ( I l = O . O  
DO 150 1 ~ 1 9 7  
O M A C X ( I ) = O e O  
O M A C Y ( I ) = O e O  
O M A C Z L I I = O e O  
O M A X ( I I = O e O  
O M A Y ( I ) = O * O  
O M A Z ( I ) = O o O  
O M A S X ( 1 ) r O . O  
O M A S Y ( I ) = O e G  
O M A S Z ( I ) = O - O  
DO 200 101948 
T S S Q ( I ) = G . O  
O L S B ( I ) = O o O  
O L S L ( I ) = O . O  
O F S M I N L  I , l = O e O  
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O F S M k X I I ) = O c O  
O L S M A X [ I ) = S L L K O ( I  

200 O L S M I N ( I ) = S L L M O l I )  
ENGTOTZL, e 0  
PNKG=O 0 0  
I c=o 
J C = O  
ISS=O 
J S = O  
AREA=O e 0  
AREAM=Oo 0 
FSGX=O.O 
ENG<:E=OoO 
OECS=OeI) 
ENGPE=O.O 
OESS=OeO 
O F F A C T = 0 * 0  
ENuKEF=L,-O 
ENbTOT=O.O 
RXO (1 1 =RX(  1 j 
RYO=RY 
K Z O = R Z  
RSXO=RSX 
RSYO=RSY 
RSZO=HSZ 
RCXO=RCX 
RCYO=RCY 
RCLO=RCZ 
C X V c L O = R L X V t L  
C Y V E L U = K c Y V L L  
CLVELO=RCZVEL 
b X V t L ~ = R S X V E L  
SYVELO=RSYVLL  
SZVELO=RSZVCL 
C A L L  XTRCAL 

RETURN 

STOP 

FORMAT (52H STROT CRUSH F O H C t  VS U t F L t C T I O N  TAI~LL IS L N C O k R t i ? . )  
END 

t 

210 W R I T E  ( I P 1 2 2 0 )  

C 
2 2 0  
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i 
c 
C 
C 
C 
C 

i 

C 

c 

c 

r c 

C 

c 

i 

C 
lu 

c 

C 
c 

iJ 

3i) 
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4u 
5 u  
C 
c 
c 

6 U  

7b 

c 
c 

c 

Lu 
V U  

C 

L 

c 
C 

ibir  
l i 0  

r Z 0  
C 
i 
c 
i 

130 

;40 

c 
150 
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160 

170 
180 
c 

C 

190 

L W O  

210 

220 
250 
c 
c 
C 

c 

C 

C 

250 
260  
C 

270 
i b 0  , 
230  
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C 

3 V 0  

320 
C 
C 
C 

2.30 

5 4 0  
13G 

300 
5 7 0  
300 

3 Y O  

4 v O  

4 i O  
c 
c r 

C 

C 
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420 

430 
440 
C 

450 

460 
C 

470 

46 0 
490 
C 
C 
C 

c 

c 
c c 
c 
5CrO 

510 

520 

530 

540 
520 

F I X 3  MODE S t i A P E  FOR CaG. L O C A T I O N  

Lu U I K E C T I b i i S  tuUHL Tu L C ~ U  
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c 

c 
L 

L 

c 
C 

>00 

570 
C 
c 
C 

010 
620 
c 
L 
c 

609 

36 1 



APPENDIX G 

362 



APPENDIX G 

FPA 10 
i c 
C 
C 

c 

10 
26 

3u 

C 
4 d  

FPH 20 
FPA 20 
FPA 40 
FPA 50  
FPA 60 
FPA 70. 
FPA 80 
FPA 90 
FPA 100 
FPA llG 
FPA 1 2 0  
FPA 133 

FPA 1 5 3  
FPA i4c) 

FPA 160 
FPA 170 
FPA 180 
FPA 190 
FPA 200  
FPA 210  
FPA 220 
FPA 230  
FPA 240 
FPA 1 5 0  
FPA 260  
FPA 270  
FPA 280 
FPA L 9 0  
FPA 500 
FFA 310 
FPA 3 2 0  
FPA 230 
FPA 243 
FPA 3 5 0  
FPm 300 
FPr\  3 7 3  
FFA 3 8 L  
FPA 2 9 0  
FPA 4 3 3  
FPA 413 
FPA 4 2 0  
FPA 4 5 0  
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c 

C 
C 
c 
C 
c 

c 
C 
C 
C 
c 
C 
c 
C 
C 
c 
C 
C 
C 

r 

16 

. 2i) 

3il 
4 3  
50 

60 
70 
83 

90  
1uo 

110 

1-2 0 
130 

140 

S U 6 R O U T I K L  SL)LVE I A sG,SUri, ,N ,N I 

D I M E N S I O N  A ( N 9 1 )  y G ( N 9 1 )  9 H l 5 9 1 )  

THIS IS A SUYXOUTINE FOR D E T E R M I N I K G  THE VALUE OF C IN THE 
M A T R I X  E U U A T I G N  A*C=Ge T d E  VALUES OF A A&D V A R E  PROVIDED 
A T  T i i E  T I M E  OF C A L L I N G o  N IS TI-IE ORDER OF A (NUST i3E 
A SQUAl<E i'.ATRIX) AXE >.I I S  THE NUNBER OF COLUWiS I h  ' 

OF C IS S T l j k t U  I lk  G L O C A T I O N  A T  RETUdhe IF T t i t  I N V t k S i  
OF A 15 REQUIRED, MAKE Pl NEGATIVE.  I F  ONLY THE IEUVERSE 

G ( A  A N D  b XUST I-iIiVi SCtklt NUMErR OF R&S) e THE VALUE , 

OF  A IS K t d U I H E L i ( B  14ATRiX UbES .iQdT E X I S T ) ,  CiVTiiK i.1-0. 
U t T L k x I N A k T  i;F k IS S T O l i t D  I i V  LOCATIL);\ SUi.1 AT KtTirRi\ l .  
I F  T B k  I N V L K S t  3 F  A IS LCWiPUTLUI I T  13 5 T O t i ~ d  
1 i J  L X A T I W  A AT K c T U ~ N  T i j  THL C A L L I N G  PhObKA;.le 
i F  I T  I 5  C L S I 2 E G  TO NALL TH!S A DOUBLt PKilCiSILjli 
SUSROUTINE, THE FOLLOWING VAFt IA3LES MUST t E  TYPED 
COUGLE PRECISION A9GpHp AN3 SUM. 
W H i5rJ 
THE V A R I A B L E  A $ (  A(I,Jl 1 9  THE VALUE OF J MUST 
BE ONE GREATER TWSN I s  IE.9 J=I+l. 

P ROV I C 1 N i i  D L M El\: 5 I ON I N G I N F OR MA T I 0 N FO K 

S t i L  10  
SOL LO 
SOL 30 
SuL 40 
SGL 50 
S b L  60 
SOL 70 
SGL a0 
S b L  90 
SV; i o 0  
5 b L  i 10  
SCL r i O  
SGL i;1o 
SUL i40 
5uL i30 
SUL 103 
SCiL 170 
SOL 180 
SOL 190 
SGL 200 
SOL 210 
SUL 220 
5UL L5C) 
S L L  i4G 
5uL 250  
S V L  Lo0 
SGL 270 
S b L  Lb0 
SOL 290 
S L L  300 
SUL 310 
S 2 L  320 
SGL 330 
SGL 3 4 3  
S O L  350 
SOL 360 
SOL 370 
5bL 3iro 
S b L  3 9 0  
SUL 400 
S u L  410 
SOL 420 
SOL 430 
SOL 440 
SGL 450  
SUL 4 b O  
SUL 470 
SGL 460 
SUL 490 
SOL 500 
S b L  510 
SOL 520 
S C L  530 
SOL 540 
SOL 5 5 0  
SOL 560 
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150 

160 
170 
180 

1 9 0  
2co 

Z l c i  

220 
2 3 0  

240  

250 
260 

270 

2cio 
290 

3b0 

3i0 

3 2 0  

330  
340 

SOL 570 
SUL 5 8 0  
SGL 590 
SUL 000 
SbL 510 
SUL b2 O  
S3L 630 
SOL 640 
SOL 650 
SOL 660 
SCL 670 
SciL > d o  
SUL 6 9 0  

. sui 730 
S r j ~  710 
St iL  120 
SirL 730 
SUL 740 
SWL 750 
S C L  760 
SLL 170 
SOL 780 
SbL 730 

SOL b10 
sui 620 
Sui 035 
bijL b 4 O  
SUL 850 
SUL 660 
S b L  L310 
SGL 8 8 0  
StiL 8 9 0  
S D L  900 
SUL 910 
S O L  920 
S u i  930 
SCJL 9iC 
5UL 950 
SiiL 960-  

SOL aso 
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C 
C 
C 
C 

C 

C 

C 

C 

C 

C 

C 

C 

-C 

SUBROUTINE XTRA XTR 10 
X T H  20 

T H I S  R O U T I N E  C O N T A I N S  MOST OF THE *WRITE* AND *FORMAT* STATEMENTS XTR 30 
FOR S U 6 R 3  * I N I T * c  I T  WAS COi'!STRUCTED SO THAT * I N I T *  hOULD C G M P I L E X T K  40 

X T i i  5 0  
COMMON/L l  A/RXO ( 1') PRY 0 9 RZO ,RXVELO PRY VELOP RLVELO ,P3 I O  9 THTAO 9 P H  IO 9 XTR 60 

1PiXO 9WYOs i+ZQ 9 HCXGr RCYO 9RCZO9CXVLLO ,CY V L i O  9CLVELO,Dvi41(6 ,RsXO* XTR 7 0  
XTR u0 ~ R S Y O ~ R S L O Y S X V E L O ~ S Y V E L O P S Z V E L O , Z ~ T A O  
XTK 90 

C O K ~ O N / L ~ / U X X ~ ~ Y Y ? ~ L Z , U C X X , U C Y Y Y U C Z ~ ~ L S X X , ~ S Y Y , U ~ ~ ~ , F C J K , F C L ~ ~ ~  , X T R  100 
~ U X Y ~ U Y Z I J X L , U C X Y Y ~ C X Z , U C Y Z ~ P L G ~ O F , P K ~ ~ S X ~ ~ ~ C X ~ , V I ~ J K ~ V I S L M ~ I P ~  XTK 110 

XTR 1 2 0  
XTR 130 

ZIT~JKILMIJKDAMP~LP.DAMP,NSPC,NSPC~NSPS(~~) ,NCPC 

140 
~ R C Y ~ R C Z , R C X V E L ~ R C Y ~ E L I R C Z V E L ~ P S I C ~ T H T A C ~ P H I C ~ W C X ~ ~ ~ C Y ¶ W ~ Z , R S X Y R S Y ~  XTR 1 5 0  

XTR 160 
XTK 1 7 0  
XTR 180 
XTK i90 
XTR 200 
XTK 210 

2 2 0 
XTR 530 

2czx9czY,czz9ccxx?ccxY,ccxzYccYx,ccYY9ccYz,cczx,~czY9cczz XTR 240 
XTR 250  

COM,~ON/L98/SHCJK,SHCJKT,SHCLM,SnCLMT,CSJK9CTLM9QKT XTR 2 6 0  
XTK i 7 0  

C C i W G N / L l O / R  I N G X  ( 7 I 3 RHO ( 7 1 PAEL ( 6 ) 9UNX ( 6 ) ,UNY ( 6 ~ 3 0  1 9JNZ t 6 9 30 ) 9 XTR 2 8 0  
l S O I L P ( 3 )  , N T Y P E I T C , D C M , C F M I T H I C K O , I N A T T , C E , R N G E N G ~ E X ( ~ ~ ~ O ) ~  XTR 2SO 
Z E Y ( 6 , 3 0 ) , E Z ( 6 , 3 0 ) r N 1 ( 7 )  P K A P I A B C D ~ ~ E F R I C T  XTR 300 

XTR 310 
,CAP( 3 9 6  r CCH ( 396  ,CHL ( 3  96 1 9 XTK 320 

~IACCELINOACAPINOACCH~NOACHS XTR 330  
XTR 340 

C O W M O N / L 1 2 / T ~ 1 0 0 0 ~ ~ S P A C E , N N , K A 1 J M A P ~ I D U M  XTR 3 5 0  
XTR 360 

C O : ~ ~ O N / L 1 3 / S L G T H ( 3 , 6 ) r F C ( 3 9 6 ) 9 C O E F ( 2 9 4 8 ) ~ C G ~ F T ( % , 4 8 ) ,  XTR 370  
~ F F L M ( ~ ~ ) , F F L M T ( ~ ~ ) S F F J K ( ~ ) ~ F F J K T ( ~ ) ~ F F C ( ~ ~ ) , F F T ( ~ ~ ) ~ I R E T ~ N S  XTR 3 8 0  

X T R  390  
C OM MON / L 1 9 / H S Y ~ ~ H S Z ~ , A L T X ~ A L T Y I A L T Z , R R X ~ ( ~ ~ , K R Y ~ ~ ~ ) ~ ~ R Z ~ ~ ~ ~ ~  XTR 400 

1 R R X 2 ( 6 1 r K R Y 2 ( 6 )  9 R R Z 2 t 6 )  r T H . l i R ( b ~ 6 )  ,TYMI6,6)9CKRXL6)rCKKY(6) 9 XTR 410 
2CRRZ(6)9HCYl9tiCZ19NRR~IRR XTR 420 

AT& ~ d d  
X T k  440 

C O ~ ~ M O N / L ~ ~ / P X V E L ~ P Y ' ~ E L ~ P Z V E L ~ A P X ~ , A P Y ~ , A P ~ ~ ~ R P X ~ R P Y ~ K P Z ~ F P P X ~ F P P Y S ~ T R  450 
~ F P P Z ~ T P P X ~ ~ T P P Y ~ Y T P P Z ~ ~ F P X ~ F P Y ~ F P Z ~ P ~ I T C ~ I P ~ R A ~ ~ ~ P A ~ ~ ~ C R K T ~ ~ P N I ~ ~  XTR 4 6 0  

C O ~ ~ M O N / L 2 4 / 1 D M ~ 1 ~ ~ I C H K l r I t H K 2 r I C H K 2 ~ I C H K 3 ~ I C H K 4 ~ I C H K 5 ~ I C H K 6 ~ I C H K 7 ~ I C H K ~ ~ X T R  4 8 0  
1 I C H K 9 ~ 1 C H K l C ~ ~ C H K 1 1 , I C H K l 2 ~ I ~ ~ K l 3 s I C H K 1 4 ~ I C H K l 5 ~ I C H K l 6 ~ I C H K l 7 ~  XTR 490 

XTR 500  2 I C H K 1 B ~ I C H K 1 9 ~ I C h K 2 0 , I C H K 2 1 r I C H K 2 2 ,  
~ K S ~ L S ~ J J , ~ P A S Y N R S , N O A C A S Y N O A C C S ~ N O A S S ~ I S I X ~ N S ~ C ~ N C S C ~  XTR 5 1 0  

XTR 5 2 0  
XTR 530  

4NGE13S 9 MOSAV s XT COR 5 9 

5 I T E S T  ( 2 3 )  9MMsJTEST 
XTR 5 4 0  

C C M M O N / L 2 5 / N O M O D E ~ G M E G A ~ 5 ~ ~ S P H I ~ 5 4 0 ~ 5 ~ ~ A P H ~ ~ l 4 4 ~ 5 ~ ~ ~ N ~ ~ 5 ~ ~ ~ N Y ~ 5 ~ ~  XTR 550  
~ U N Z ( ~ ) ~ P X ( ~ ) ~ P Y ( ~ ) ~ P Z ( ~ ) ~ G F ( ~ ) ~ G M ( ~ ) ~ C O ~ R D ( ~ ~ ? ~ ) S F P P ~ I ( ~ ~ ~ ~ ~ ) ~  X T R  560 

C O ? w O N / L 3 / R X  f 1 ) 9RY 9 R Z  9 R X V E L  RYVEL 9 R Z V E L  9PS I 9 THTA, Pi-; I 9%IX Y :s'Y 9 WZ 9 RCX 9 XTR 

2RSZ 9RSXVELsRSYVEL 9RSZVEL , P S I S  9 THTAS ,PHIS ,WSX,kISY r t ,SZ 

COM:4ON/L5A/DT, TMAX 9 I P R I N T  9 I S T O P 9  IRUNKO,  I S E R N G Y J P R I N T  rl'iPRINT,NOFOH 

COKNGN/L5C/ZETA,PLK , SEGH ,F?M,G 

COKV.ON / L 6 B / X L 1 I 4 8 1 9 Y L 1 ( 4 8 1 9 Z L 1 ( 4 8 9 X M2 ( 4 8 1 Y F.; 2 ( 46 9 ZM 2 I 4 8 9 X J 3 I 6 ) 9 X T K 
~ Y J ~ ( ~ ) ~ Z J ~ I ~ ) ~ X K ~ ( ~ ) ~ Y K ~ ( ~ ) , Z K ~ ( ~ ) , C X X , C X Y ~ C ~ ~ ~ C Y X S C Y Y Y C Y ~ ~  

CG?IMON/L l l /AA l  I 3 9.6 ) , A k 2  ( 3 Y 6 1 9AA3  ( 396 

X T H  470 
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C 

C 

C 

10 
c 

C 

C 

C 

C 

20  
30 

C 

C 

C 

C. 

2SRLM ( 4 3  tSDLM( 48 1 r V E L L M  ( 4 8  ) . XTR 620  
XTR 630 u1 

D I M E N S I O N  N U M B E R 1 1 2 0 )  XTR 640  
XTK 4 5 0  

DO 10 1 = 1 9 1 2 0  XTR 6 6 0  
h U M U E R ( I ) = I  XTR 070 

. X T ~  U G u  

W R I T E  (69160) .XTR OYU 
X T k  700 
XTR 710 W R I T E  ( 6 ~ 1 7 0 )  ISERNO 
XTi? 725  

W R I T E  1 6 ~ 1 8 C )  XTR 730 
I:'R I T E ( 6 9 19 0 ) RXV E L O  9 R Y V E L 0  > RZVE L O  t Ll XO I Li Y 0 t W 20 XTR 7 4 0  
I.!RITE ( 6 , 2 0 0 )  ZETAOtPSICtTtiTAGtPH10,b~GE XTi? 7 5 2  
. vR ITE ( 6 , 2 1 0 )  H S X l t H S Y l ~ H S L 1 ~ H C X 1 ~ H C Y l ~ ~ C Z l  XTK 760 

XTR 775 
N R I T E  ( 6 , 2 2 0 )  XTR 760  
N R I T E ( 6 9 2 3 0 ) P L P: t S E Q,?I 9 F Pi4 XTK 7 2 3  
'.%RITE (0 ,240)  U X X , ~ Y Y , U L Z t L ~ Y , ~ X L t t i ~ ~  XTR 6 0 0  
b i R I T E  ( 6 , 2 5 3 )  t i C X X , U C Y Y t U C L Z t U C X Y , ~ C ~ ~ , t i C Y Z  XTR 810 
X R I T E  ( 6 ~ 2 6 0 )  U 5 A X t U S Y Y a U S Z Z  XTR b20 

XTR 8 3 0  
K R I T E  ( 6 3 2 7 0 )  XTR 840 
W R I T E  (6r28C DT >TMAX,NPRINTsNOFOR XTR 6 5 0  
!+RITE ( 6 9 2 9 0 )  NSPC9NCPC,NORUN,I INP XTR b6O 
I F  (NSPC.LT.1) GO TO 20 XTR 670  
W R I T E  (6 ,309 )  ( N S P S ( I ) , I = l t N S P C )  XTR 8 8 0  
GO TO 31, XTK 6 9 9  
W R I T E  ( 6 , 3 1 0 )  XTR YO0 

X I 3  5 l U  CON T 1 NGE 
N R I T E .  ( 6 , 3 2 0 )  K k l  ATR 9 2 0  

XTH 9 3 J  
W R I T E  (6,330)  XTR 940  
k!RITE ( 6 , 3 4 0 1  K f i  XTK $53 
K A P l = K A + l  XTR 960 

l , I = l r K A P l )  XTI? 9 5 3  
XTi? 990  

I F  ( N T Y P E * E O e l I  ? .R ITE  ( 6 9 3 7 0 )  X T K l b l j  
I F  ( N T Y P E e N E - 1 )  >;RITE ( 6 9 3 6 0 ) '  X T t i i G Z b  
W R I T E  ( 6 , 3 9 0 )  (NUMEERII)rSOILP(I)rI=lr3) X T I3 1 0 3 0 

W R I T E  ( 6 9 3 5 0 )  (NUMBER( I) , R I N G X ( I  1 ,NCIM3ER( I ) , R H O ( I  rNUNBCK(  I ) r l 4 I ( I I X T R  975 

W R I T E  ( 6 9 3 6 0 )  XT R IO C 0 
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C 

C 

43 

C 
50 

60 

C 
70 

60 

9L) 

100 

C 
110 

120 

l N U M O E R ( I 1  r X M 2 (  I )  rNCII.\BER( I) 9YM2( I )  ,NUM$EKt I )  9 Z M 2 ( I )  g I = l , L M )  

lFFLM(IS,NUMtj€R(I)rFFLMT(I)sI=lrLM) 

X T R 1 1 3 0  
IL'RITE (69460)  ~ N U M ~ E R ~ I ~ , C O E F ~ ~ , I ~ ~ N ~ ~ ~ ~ ~ E R ~ I ~ , C O ~ F T ~ ~ ~ I ~ , N ~ M ~ E R ~ I ~ ~ ~ T R ~ ~ ~ ~  

XT H 1 1 5 0  
X T H l l b i )  

W R I T k  (6,470) X T R i l 7 0  
V R I  TE ( 6  9 4 8 0  1 J K 9  JKDAMP 9 V I S S K ,  CTJK,ShCJK,SHCJKT X T R l l a O  

1 N U M B E R ( I ) 9 X J 3 (  I) ,NU,V'UER( I )  9YJ3 ( I) ,NUMBER( I) 9ZJ3 ( I ) 9 I * l , J K )  X T R l Z O O  

lFFJK(I),NUMEER(I),FFJKT(I),I=l,JK) X T K 1 2 2 0  
X T R 1 2 3 0  

N R I T E  ( 6 9 5 1 0 )  X T R l Z G i J  
% R I T E  1 6 ~ 5 Z C )  NPAR jcTR125;) 

WRITE (6 ,490)  ~ N U ~ ~ ~ ~ E R ~ I l ~ X K 1 ~ I ~ ~ N U l ~ ~ E R ~ I ~ , Y K 1 ~ I ~ ~ N ~ ~ l ~ ~ R ~ I ~ ~ Z K l ~ I ~ g X T R l l ~ O  

V R I T E  (5,500) ( N l i h B E X (  I) ,COEF(2 ,1  ),NLiWGER( I) , C O t F T L 2 , I l r N U M S E R (  I ) , x T R l i 1 0  

I F  (NPAReGT.01 GO TO 40 . XTk12b'3 
N R I T E  ( 6 , 5 3 0 )  x r i i i i 7 0  
GO TO 50 X T R l Z 8 5  
C O N T I N U E  X T K l L 3 0  
N R I T E  ( 6 9 5 4 0 )  PLGNOFIPK,FPX,FPYIFPLIPHITE XTRl3OC) 
W R I T E  ( 6 9 5 5 0 )  PXVEL,PYVEL9PZVEL,APXl~APYl~APZl X T R l 3  10 

X T R 1 3 2 0  
C O N T I N U E  X T 8 1 3 3 0  
L!RITE ( 6 , 5 6 0 )  X T K l 3 4 5 .  
N R I T E  ( 6 9 5 7 0 )  NRR x T K i j 5 0  
I F  (NRi3.GT.O) GO TO 60 XTRl>o i ,  
W R I T E  ( 6 , 5 8 0 )  ~ r k i 3 7 ~  
GO TO 7U X I  kL3ciju 
CONT I NUE AT& I390 
C R I T E  ( 6 , 5 9 0 1  ~ N ~ M B E R ( I ) ~ R R X ~ ( I ~ ~ N ~ ~ O ~ R ~ I ~ , K K Y ~ ~ ~ ~ ~ ~ ~ U ~ ~ ~ ~ ~ K ~ I ~ ~ ~ ~ Z ~ ~ X T K ~ ~ ~ ~  

l I ) , N U M e E R ( I ) 9 R K X 2 ( I ) , N U ~ ~ ~ R ( I ) r R R Y 2 ( 1 ) , N ~ M ~ ~ R ( I ) 9 R R ~ 2 ( 1 ) 9 I = l ~ N R R )  X T K 1 4 1 3  
X T R 1 4 2 0  

N R I T E  ( 6 9 6 l C )  L ( N L ~ ~ ~ E R ( I ) ~ N U ~ @ E R ( J l , T H R R ( I , J ) , I = 1 , N R ~ ) ~ J = l ~ 6 )  X T R 1 4 3 0  
X T R 1 4 4 0  

CCNTINL iE  X T R l 4 5 O  
W R I T E  ( 6 9 6 2 0 )  X T R 1 4 6 0  
k R I T E  ( 6 , 6 2 0 )  IACCEL,NOACAP9NOhCCH,NOACHS X T R i 4 7 0  
I F  ( IA .CCELaNE.0 )  GO TO 8 0  XTR14Yi)  
WP.ITE (696403 X T R 1 4 3 0  
I F  (NOACkP.EO.0) GO TO 90 X T R 1 5 3 0  
L.;RITE ( 6 , 6 5 0 )  ( ( N ~ M S E R ( I ) , N U M B E R ( J ) , C A P ( I p J ) r I 1 1 , 3 ) , J = l 9 N ~ f i C ~ P )  X T R 1 5 1 0  
I F  (NOACCH.EO.0) GO TO 100 jc T K 1 5.2 0 
W R I T E  (6,660) ( ( N U ~ ~ 2 E R ~ I ~ ~ N t i K B E R ( J ) ~ C C H ~ I ~ J ) p l I l r 3 ) s J = l ~ N ~ A C C H ~  XTRl .530  
I F  (NOACk iSeEd*O)  GO TO 110 X T R 1 5 4 0  
k i R I T E  (6 r6701 ~ ~ N ~ M B E R ~ I ~ ~ N U M 3 E R ~ J ~ , C H S ~ I I J ) r I I l r 3 ~ ~ J ~ l ~ ~ O ~ C H S ~  X T R 1 5 5 0  

X T R i 5 G O  
C O N T I N U E  XTR 1 5  70 
W R I T E  ( 6 9 6 8 0 )  X T K 1 5  60 
I F  (NOKDS.NE.0) GO TO 120 X T R 1 5 9 9  
W R I T E  (6,690) NORDS XTR165 .0  
GO TO 140 X T H l 6 l O  
>;RITE ( 6  Y 7CO NOMDSrNTCGRsMORDER X T R L 6 2 0  
I F  (MORDER.NE.0) W R I T E  (69710) ( N U M B E R ( I ) , N A T T i  1 ) g I s l s M O R D E R )  X T R l o 3 0  

1) XTR 16 50 

K R I T E  (6 ,600)  ( (Ni tM!3ER( I) rNbMEER(J1  r T Y M (  I r J ) s I = l , N R R )  c J = l 9 6 )  

W R I T E  (6,720) ( N J M E E R ( I ) i C O O R D ~ I ~ l ) , N L M B E R ~ I ) , C O O H D ( I I 2 ) ~ I ~ l ~ ~ T C O R X T R l 6 4 O  

130 

368 

N 3 P  T=3*NTCOR 

W R I T E  (6,730) I s ( J I F P P H I ( I s J ~ ~ J ~ ~ ~ ~ I  
DO 130 , I = l , N 3 P T  

X T R 1 6 6 0  
XT2.1670 
X T R 1 6 6 0  
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140 

C 

C 

C 

c - 
C 

C 

C 

C 
150  
C 

C 

C 

C 

i 

C 

r c 

1 6 0  
170 
if20 
190 

2 5 5  

210 

220 
230 

WR I T E  

b!R I T E ( 6 3 870 1 R C X V E L  , R C Y V E L  R C Z V E L  

Y R I T E  (6,850) R S X V E L , R S Y V E L , R S L V E L  

I F  ( N P A R e E Q e O )  GO T O  1 5 0  
h R I T E 
h R I T E  (IP,9GG) FP,PL 

( 6 3860 ) RXL'EL 9 %Y?! EL 9 kLVEL 

( 6 t 8 3 0 R P A 7 R P Y P R 2 2 

C O N T  I N U E  

X R I T E  (6,910) 

! # R I T E  ( 6 , 9 2 0 )  ( S L J K  

K R I T E  ( 6 e 9 3 0 1  

k . R I T E  ( 6 , 9 4 0 )  ( S L L M  

W R I T E  ( 6 , 9 5 0 )  

R E T U R N  

F O R M A T  
F O R M A T  ( 8 H  I S E R N O = I ~ O Y ~ ~ O X ~ H B  1) 
F O R M A T  ( / / 2 6 H  L 4 N D E X  I N I T I A L  C O N D I T I G N S / )  

( f f / 1 2 8 X 4 H C A R D /  1 2 6 X 6 H N U M B E R / )  

F O R Y A T  (8H R X V E L O = E 1 0 & 3 , 8 H  R Y V E L O = E l O e 3 , 8 H  R Z V E L O = E l O e 3 ~ 8 i l  N X O  

FORMAT ( 8 H  Z E T A 0  = E 1 0 . 3 , 8 H  P S I  =E1013,8H T H T A  ,=E10*3 ,8H P H I  

FORi.iAT (8h dSX1 =FlOeS,8h h S Y 1  = € 1 0 0 3 9 6 A  h b Z 1  =E10*3 ,E i l  HCXl 

F O R M A T  ( / / 1 6 H  M A S S  P R G F L R T I E S / )  

l E l G e 3 , Z H  M Y 0  = E 1 3 e 3 , 8 H  i :ZO = E 1 0 . 3 9 2 0 X , 4 H $  2 )  

1E10e3,8H G = E l g m ? r 8 r i  U5 =E10.3 , 20x,4trs 3 )  

1 E 1 0 . 3 9 6 H  H C Y l  = C l O e 3 r 8 d  HCZl = E l O m 3 ~ 2 0 X 9 4 H B  4 )  

F O R M A T  ( 8 H  P L M  = E l O e 3 , 8 h  SEQIY =E10.398H F P M  = E 1 0 0 3 r 7 4 X 9 4 H B  
1) 

X T n l 7 , ~  
X T R 1 7 - r J  

i r T R i 7 6 0  
X T R 1 7 7 0  
X T R 1 7 8 0  
A T R l 7 9 0  
X T R l o G O  

~ T i i l 7 5 a  

XTI? 1 u 1C 
x r ~ i  8 1 0  
X T R l b 5 C  
X T X i b k v  
XTK 10 50  
x Td 16 t3 
X T R l b 7 0  
X i l i i b t r C ,  
X T R l i r b O  
X T i i L 5 i i O  
X T R l 9 1 0  

X T R 1 4 3 0  
X T R 1 9 4 0  
X T R 1 9 5 0  
X T R i 9 6 0  
X T R 1 9 7 5  
X T K l 9 b S  
X T R 1 3 Y O  
X T R L O O O  
X T R Z O l O  
X T Z . 2 3 2 0  
X T R 2 0 3 0  
X T i l . 2 3 4 0  
X T 3 r 0 5 0  
x T R l d c , ~  
X T R 2 G 7 d  
X T K L O O U  
X T & L U ~ J  
A T Z L L J U  
X T R L l l i i  
X T l i L i 2 b  
X T R 2 1 3 3  
X T H 2 1 4 0  
X T R 2 1 5 O  

= X T R Z l b O  
X T R 2 1 9 0  

= X T R ? l S O  
X T K 2 1 9 0  

= X T R L L O O  
X T K L 2  10  
X T R L L Z O  

5 X T R Z 2 3 0  
X T R 2 2 4 0  

x r R 1 X j  L L) 
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2 4 0  

2 5 0  

2 6 0  

270 
230 

2 9 0  

300 

31C 
3 2 0  
3 3 0  
3 4 0  
3 5 0  

5 6 0  
3 7 0  
3 8 0  
3 9 0  
4 0 0  
413 

4 2  0 
4 3 0  

440 
4 5 0  

4 6 0  

4 7 0  
4 8 0  

490 

5 0 0  

5 1 0  
5 2 0  
5 3 0  
5 4 0  

5 5 0  

5 6 0  
5 7 0  
5 8 0  
5 90 

FORMAT (OH IJXX = E 1 0 e 3 9 8 H  UYY "E10.3s8H UZZ = E 1 0 * 3 r 8 H  UXY =XTR2550 
X T R 2 2 6 0  

FORMAT ( 8 H  UCXX =ElOe3,8H UCYY = E l O e 3 9 3 H  UCZZ = E 1 0 e 3 9 8 H  UCXY s X T R 2 2 7 0  
X TR 2 2 8 0  

FORMAT ( 8 H  USXX =E10-39t?H USYY ZE10.39EH USLZ =E10.3,74X94HB 8 X T K 2 2 9 0  

1E10m398H UXZ =E10.398H UYZ =ElOe3,20X,4HB 6) 

l E 1 0 e 3 9 8 H  UCXZ = E 1 0 * 3 ~ 8 H  UCYZ =ElOe3920X,4 t I$  7 )  

XTR23OO 
FORMAT ( / / 2 6 H  PROGRAM LOGIC INFORMATIUN/ I X T R Z 3 i u  
FOR?l&T ( 8 H  DT =E10e3,8r i  TiilAX r E i 0 . 3 9 8 i l  N P R I N T = i l O i S H  NOFbk = l l X T i i & i i ,  

1 0 9 5 6 X 9 4 H $  9 )  X T R Z j j O  

x TRd353 

1) 

FORMAT ( 8 H  NSPC = 1 1 0 9 8 H  NCPC = 1 1 0 9 8 H  NORUN = I l O , S H  I I N P  =1109>6XTHZ340 

P i i I N T E D  - STRUT=XTHLdoh 
1 X r 4 H B  10) 

1 7 2 X 4 H B 1 1 0 9 / ( 5 8 X 1 6 1 3 ) )  
FORMAT ( 5 6 H  ATTENLATOR STRljT T I M E  H I a T O R I k L  TO oC 

FORMAT ( / 5 2 H  NO ATTENUATOR STRUT T I M E  H I b T O R I E S  w 
FORIMT ( 8 H  K A 1  ~ 1 1 0 ~  l l O X y 4 H S  11) 
FORNAT ( / / 1 7 H  FOOTPAD GEOMETRY/) 
FORMAT ( 8 H  KA = 1 1 0 9 1 1 O X 9 4 H B 1 1 2 )  
FORMAT ( 7 H  R I N G X ( I 2 9 2 t 1 ) = E l O . 3 , 5 l i  R d O ( I 2 ~ 2 H ) = k l O . 3  

l r 7 0 X ~ 4 H B 1 1 2 )  
FORlriAT ( / / l 6 H  S O I L  PROPERTIES/) 

X T f i 2 3 9 0  
XTRZ400 
XTR2410 

4rl N I ( I Z 9 2 H 1 = I l O X T R 2 4 2 0  
XTRL430 
X T R L 4 4 3  

FORMAT ( 3 8 H  NTYPE = 1 (SECONDARY S O I L  M E C H A N I C ~ ) ~ ~ O X Y ~ H S  1 5 )  x T R L 4 5 3  
FORMAT ( 3 6 H  NTYPE = 0 (PRliVIARY S O I L  % E C H A N I C S ) S ~ ~ X I ~ H B  1 3 )  X T R L ~ ~ O  
FORMAT ( 3 ( 7 H  S O I L P ( I l r Z H ) = E 1 0 . 3 ) 9 6 8 X , 4 H B  14) XTR2470 
FORMAT ( / / 2 4 H  LOAD-STROKE INFCKMATIGN/ 1 XTRL4a0 

XTR250 i j  
FC3blP.T ( / / 2 9 t l  ATTEWATOR STRUT INFORMATION/ X T R L 5 1 0  
FORMAT 18H LM =110,8H L W ~ A K P = I ~ O S & H  VISLM = E 1 0 * 3 r a H  CTLW =E10.XT%L520 

1 3 ~ 8 H  SHCLM = E 1 0 * 3 ~ 8 H  S H C L M T = E ~ O . ~ ~ ~ O X S ~ H S  1 5 )  i(TH.2530 
FORF'cMT ( 8 H  I R E T  = 1 1 0 ~ 1 1 0 X 4 H S  16)  x 'r R 2 5 40 
FORMAT ( 5 H  X L 1 ( 1 2 9 2 H ) = E l G * 3 ~ 5 H  Y L l ( 1 2 ~ 2 H ) = t 1 0 ~ 3 ~ 5 1 1  L i l ( I 2 ~ 2 t i ) = C l O . h T ~ L 5 5 C  

1395i-i X M 2 ( 1 2 , 2 H ) = E 1 3 * 3 ~ 5 H  Y M 2 ( 1 2 9 2 H ) = t 1 0 . 3 ~ 5 H  ZiQ( 12r2H)=E10.3@14X,XTK~56~ 
2 4 H $ 1 1 6  1 XTR.2570 

FORKAT ( 8 H  COEF ( 1 9 I 2 Y 23 1 = c 10 o 5 3 %-I COEF T ( 1 9 I2 9 2 t i  1 = E i 0 0  3 9 6 H  FFLK ( I 2 9 x i  KL 5 GC, 
1 2 H ) = E l O . ? s 7 H  F F L M T ( I ~ Y ~ H ) = E ~ ~ . ~ ~ ~ Z X ~ ~ H S ~ ~ ~ )  X T R 2 5 1 2  

FORMAT ( / / 2 8 H  EQUIPMENT STRUT INFORMATION/) X T R L ~ ~ ~  

1 3 y 8 H  SHCJK =E10.3981-1 S H C J K T = E ~ O ~ ~ ~ ~ O X Y ~ M B  1 7 )  X T K 2 6 2 0  

FORMAT ( 3 ( 7 H  S L G T H ( I ~ Y ~ H Y I ~ Y ~ H ) = E ~ O . ~ S ~ H  F C ( I l s l H ~ I 1 ~ 2 H ) = E 1 0 ~ 3 ) r 5 X X T R 2 4 9 0  
1 9 4 H S 1 1 4 )  

FCRMAT (91-1 J K  = 1 1 0 ~ 8 H  J K D A M P ~ I 1 0 ~ 8 H  V I S J K  =E10.3,5H CTJK = E l O e X T R i S 1 0  

FCRMAT ( 5 H  X K l ( I l , Z H ) = E 1 0 * 3 t 5 H  Y K l ( I l > 2 H ) = E 1 0 . 3 ~ 5 H  1 M l ( I 1 , 2 H ) = E l O . X T ~ 2 6 3 0  
1 3 9 5 K  X J 3 ( 1 l r 2 H ) = E l C - 3 , 5 H  Y J 3 [ 1 1 9 2 M ) = E 1 0 . 3 ~ 5 H  LJ3(11~2H)=ElOe3~23X9XTR2640 

XTi72650 24HS 11 7 ) 
FCXNAT ( 8 H  C G ~ F ( 2 r I l r 2 H ) = E l O . ~ r 9 H  C O ~ F T ( ~ Y I ~ Y ~ ~ ) = E ~ ~ O ~ , ~ H  F F J K ( I l , X T R Z J & d  

1 2 H ) = E 1 0 * 3 , 7 r l  F F J K T ( I 1 ~ 2 i ) = E 1 0 * 3 r 4 6 X s 4 ~ $ 2 1 7 )  XTR2673 
FORMAT ( / / 1 5 H  PARACiiJTE D A T A / )  A I l i L O U i ,  

FORMAT ( 8 H  NPAR = I 1 0 , 1 1 0 X 4 H S  1 8 )  X rRLo5'0 
FORi4%T (143  NO PARACHUTE 1 X i i i Z 7 u L i  
FORPIAT ( 8 H  PLGNOF=E10e398H PK = k 1 0 * 3 9 8 H  FPX = E 1 0 e 3 r 6 H  FPY = X T R Z 7 l i i  

A T 2 2 7 2 0  1 E l C e 3 9 6 H  FPZ = E l C * 3 9 Y t i  P H I T E  = E l ~ e 3 s 2 0 X , 4 H $ l l & )  
FORMAT ( 8 H  PXVCL = E 1 3 . 3 ~ 8 H  PYVEL = E l O e 3 9 8 H  PZVEL = E l G * 3 9 8 H  A P X l  =>;TR2735 

l E 1 0 . ? 9 8 H  A P Y l  = E l C e 3 ~ 9 H  APZ1 = E l O e 3 9 2 0 X , 4 H $ 2 ~ 8 )  X T R 2 7 40 
FORMAT ( / / ? 7 H  RETROROCKET DATA/ )  XTRL750 
FORMAT ( 8 H  NRR =110,11GX4HB 19) XTR.2760 
FORMAT ( I S H  NO KETRORQCCETS) XTR2770 
FORVAT ( 6 H  R H X l ( I l r 2 H ) = E l O e 3 9 6 H  R R Y 1 ( 1 1 ~ 2 H ) = E l O e 3 ~ 6 1 1  R R 2 1 ( 1 1 ~ 2 H ) = E X T R i 7 i 3 U  

1 1 0 e 3 9 6 H '  R R X 2 ( 1 1 9 2 H ) = ~ 1 0 . 3 r d H  K R Y 2 ( 1 1 9 2 H ) = E 1 0 ~ 3 r 6 H  K R L Z [ I l r Z H ) ' E l O . X T H 2 7 3 0  
2 3 9 M Y .  9 4HS 1 19 ) X I  i i l & U O  
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6 3 0  
610 
629 
620 

6 4 0  
6 5 0  
663 
6 7 3  
6 6 3  
6 0 0  
7vO 
710 
7 2 0  

7 3 0  
7 4 0  
7 5 0  

7 6 0  

7 7 0  
7 9 0  
7 9 0  

8 0 0  

8 1 0  
8 20 
8 3 0  

8 4 0  

851) 

9 6 0  

87C 

8 3 0  

8 9 3  

9 G O  

9 1 0  

9 2 0  
5 3 0  

9 4.0 
9 5 0  

l X r 4 H S  2 0 )  
F0RNA.T ( 1 6 H  NO ACCELERONETCRS) 
FORKAT ( 3 (  5H CAP ( I 1  9 ~ H Y  11 Y 2H)  =E10.3 1 9 6 E X  94HG120 
FORMAT ( 3 ( 5 H  ~Cti(Ilil~~yI1~2ii1=E10~3)~68X~4H8220 
FORMAT [ 3 ( 5H C hS ( I 1 9 l i i  Y I 1 9 2H ) =El 0 3 I 9 68X Y 4 H 8 3 2 0  

FORMAT ( 8 h  K , O M O D E = Y I ~ Y ~ ~ ~ X Y ~ H Z  2 1 / 2 2 H  R I G I D  FOO 
FORMAT ( i3H h l j C I G U L = I  1, dH LTCCIR = Y  I 2  bh XLKdLti= Y I 
FCRMAT ( 6 ( 6 H  N A T T ( , I 3 ~ 2 ~ ) = , 1 3 ) ~ 4 4 X , 4 h B 1 2 1 )  

FCRMAT (//ZlH ELA5T I C  FOOTPAL LATA/  ' 

2 )  

113H CFM = > E 1 0 * 3 ~ 4 8 X ~ 4 H S  2 2 )  
FORMAT ( 1 0 H  IN-ATT = , I l O , l O H  TC =rE10.3  91OH DCbi 

FORMAT ( 6 ( 7 H  T H I C K L Y I ~ Y ~ H ) = V E ~ O . ~ ) ~ ~ ~ ~ ~ ~ ~ ~ ~  2 3 )  
F0RP.b.T 2 3HL A?l  D E R 
FORMAT ( 6 C H L I N I T I A L  PAYLCA3 C * C *  LOCATION 

( 1 H 1 9 5 4 X I N I T I A L POS I T I ON / / 

1 X = , E ~ G . ~ Y ~ C H  Y = ~ E l O e 3 ~ 1 0 H  2 =aE10.3)  

1 X =,E10.?910H Y = ~ E 1 0 . 3 ~ 1 0 H  L =,E10.3) 
FOR:+ AT ( 6 C i i  0 I !I I T I 4 L ELlU I PXE iil T C e G . LOC A T I ON 

FORMAT ( 63H0 Ib! I T I A L  FOOT PAS C. G. LOCMT IGN 
1 X = y E 1 0 * 3 , 1 0 H  Y = 9 E l O e 3 ~ 1 0 H  Z =rE10.31 

1 x ',ElC.3910H Y = ~ E 1 0 . 3 ~ 1 0 H  2 = , E 1 0 * 3 )  

1 X = v E 1 0 * 3 , 1 3 H  'I' = ~ F l C e 3 ~ 1 0 H  Z = Y  E 1 0  e 3  1 

1 X = r E l O e 3 , 1 0 H  Y = , E l O e 3 > l O H  2 = , E 1 0 e 3 )  

1 X = ,E lOe3,10H Y = ~ E 1 0 0 3 9 1 0 H  2 = . r E l O * f I  
FORMAT (6OH I N I T I A L  PARkCHilTE FORCE AND CORd LCNGTH 

1 F = y F 1 0 . 5 ~ 2 C X ~ l O l +  LEhGTH =,F10.5)  
FORPIAT ( 8 6 t i 0 E G ~ I P .  - PAYLOAJ STRCIT NO 1 

FORMAT (30HO STHUT LENGTH Y 6ClO e ?  1 
FORMAT (105HOFTePAD - PAYLOAD STRUT NO, 1 

FORMAT (30HO STRUT LENGTH s8E10.31 
FQRFIAT (181 1 
EN3 

FORF,lAT ( 6 0 H C I N I T I A L  PAYLOAD VELOCITY 

FOPMAT ( 6 O H C I N I T i A L  ELUIPXE,QT VELGCITY 

F 0 R M .A T [ 6 G H 3 I P; I T I A L F 2 0 T PA D \/E L CC I T Y 

FORMAT ( 6 0 H O I N I T I A L  PARACHUTE CeG. LOCATION 

1 3  4 5 6 )  

1 3  4 5 ' 6  7 8 1  

x ~ ~ 3 ~ 7 3  
= 9 E l O e 3 ~ X T R 3 0 5 0  

XTR3090 
XTil31OO 
XTR3110 
XTTl312G 
X T R 3 1 5 0  
X T R a l 4 G  
X T R S i 5 0  
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C 

C 

C 

C 

C 
10 
C 

C 

C 

C 
20 

30 

OVERLAY ( SOFTLPI 29 0 ) 
PROGKAM INTLOP 

COMMON / LIST8 / DlltDLJMMY(24) 

COMMON/LSA/D 

COMMON/L12/T 

MAP=1 

CALL MASTER, 

* e  
~ T M A X , I P R I N T B I S T O P , I R U N K O ~ I S E R N O I J P R  NTINPR 

l G G O ) , S P A C E s N N , K A 1 9 M A P I I D U M  

I F  (IPRINTeGToO) GO TO 30 

I PRI NT=O 

TIME=T(l+NN) 
IF (311.LE.el) TNAX=TIME 
IF (TIlilEeGEoTMAXl GO TO 20  
IF (JPRINT.NE.NPRINT) GO TO 10 
JPRINT=O 
CALL OUTPUT 
GO TO 10 

IPR INT=l 
ISTOP=l 
IRuNNO=IRUNNO+l 
CALL OUTPUT 
END FILE 3 
RE TU'R N 
END 

IlVL lu 
Il\L 20  
IliL 33 
IlVL 40 

NTINOFOR INL 50 
INL 60 
INL 70 
rrdL 80 
INL 90 
INL 120 
IiQL lio 
Ii4L 120 
INL 130 
IilL 140 
IliL l i lb  
I i i L  100 
INL 170 
Ii\L 180 
INL 190 
INL 2;0 
IivL 210 
IliiL 220 
IAL 2 3 0  
1131 240 
IWL ,250 
111L 26i.1 
IiQL 270 
I h i  Z O O  
Il\L 240 
I N L  300 
1:;i 310- 
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c 
C 
C 

C 

C 

10 

20 

3 0  

40 

5 0  

60 

SUBROUTINE MASTER 

THIS SU~ROUTINE INTEGRATES TtiE EGUATIONS OF kOTION 

COi4MOh/LSA/ I REAL 

‘ C O ~ ~ M O N / L 1 2 / T [ 1 0 O O l , S P A C E , N N , K A l ~ M A P ~ ~  
.T 

DIMENSIGN bET(41 r S i T ( 4 1  
DATA SET(?)/1.0/,5ET(2)/2.O/,SET(3)/2cO/,SET(4)/1~0/. 
D A T A  E E T ( 1 ) / 0 ~ 5 / ~ E E T ( 2 ) / 0 . 5 / , 8 E T ( 3 ) / 1 . O / , B E T ~ 4 ~ / 0 ~ 0 /  
I F  (:.?APeGTsl) GO TO 2C 
Nl=NN+l 
N 2 Xbl1 =N 1 + N  1 
I\i 3 X \I 1 = N2 X N1 +N 1 
N4XN 1 =N3XN l + N  i 
K 5 Xi< 1 = N 4  X P! 1 +N 1 
tY6XK1 =N5 X,Zll+K 1 
N 7X 1: 1 = N 3 XN 1 +N 4 X N  1 
N9XN 1 = N 7 X I U l + N  2XN 1 
N 1 C X 
M 1 2 XP! 1 =M 1 0 X N 1 +P.! 2 X N 1 
50 1 C  I=l,Nl 
K I X = I + K  2 XN 1 
T ( KIX ) = Z  e 0 
IREAL=l 
K=O 
CALL ACCEL 
LL= 1 
KR=1 
M R ? = 2  
RETLJRN 

1 =N 5 XN i +N 4 Xi\ 1 

DO 30 J = l  ,1*3Xhl 
LR=L!:R+d 
L R J = L 13-h 3XN 1 
T (L:?) = T  ( L I I J )  
MAP=2 
IF (hReGf.4) 60 TO 90 
DO 40 I=l,NN 
K I X = I +NZXrJ 1 
T ( K I X ) = c ) - O  
K= 1 
DO 6 C  I=l,NN 
KIX= I+N1 
DELYI=SPACE*T(<IX) 
r( I x = I +h2XN1 
T(KIXl=T(KIXl+DELYI+SET(Kl 
I.; I x 1 = I +P!3 XK 1 
T ( I ) = T ( K I X ~ ) + ~ E T ( ~ ) + D E L Y I  
IF (K;GE-4) GO TO 7C 
T ( N 1 ) = BET ( K ) +S PAC E+T ( N4XN 1 1 
IREAL=O 
CALL ACCEL 
K = K + l  
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GO TO 50 

KIX=I+N2XNl 
KIXl=I+N3XNl 
KIX2=I+N5XNl 

T( KIX) =T (KIX2) 

T(Nl)=T(N4XNl)+SPACE 
T ( N3XFll.4 =T ( N6XNl 1 
IREAL=l 
CALL ACCEL 

KR=KR+l 

70 DO 00 I=l,NN 

T(I)=T(KIXl)+T(KIX)/6. 

80 CONTINUE 

IF (KAleLT-0) RETURN 

APPENDIX C 

RETURN 
90 DO 100 I=lrNN 

I(IX=I+IG+XF;~ 
K IX1= I +lu7XN 1 
K I X2= I +F! 1 OXN 1 
K I X 3 = I +N 1 OXNl+N3XN 1 

KIXC=I+N3XNl 

T(Nl)=T(N4XNl)+SPACE 
T(N3XRl)=T(N6XNl) 
IREAL=O 
CALL ACCEL 

KIX= I + h l  
KIXl=I+N4XNl 
KIXZ=I+N7XNl 
KIX3=I+NlOXNl 
KIX4=I+N3XNl 
LIX5=I+N5XN1 
K I X 6- I +N2XN 1 

D E L ~ S P A C E * ~ 5 5 ~ * T ~ K I X ~ ~ 5 9 . ’ R ~ T ~ K I X 1 ) + 3 7 . + T ~ K I X Z ~ ~ ~ ~ * T ~ K I ~ 3 ) ~ / 2 4 ~ O  

100 T(I)=T(KIX4)+DEL 

DO 110 I=lrfuN 

T(KIX6)=T(KIX5) 

IREAL=l 

LL=2 
KR=4 
RETURN 

110 CONTINUE 

CALL ACCEL 

END. 

MAS 570 
MAb 560 
MA:, 590 
Mkb 600 
MAG 610 
MAS 620  
i.1& 630 
MAS b40 
MA5 650 
MAS 660 
MAS 670 
MA:, b d 0  
MAS 59c  
FcAa 70b 
M A 5  71C 
MAL 720 
iWb 73u 
M A 5  740 
MHa 73u 
MAS 760 
M A 5  770 
M n 5  760 
M A 5  790 
M k S  600 
MA> 610 
MAS a20 
MAa b3ii 
l 4Aa  840 
Mhb 850 
Mhb dbO 
M A 5  670 
Mh5 660 
MAS 8 9 0  
M A 5  900 
IW5 $10 
F i A i  420 
MAS 930  
N h L  940 
MhS 5 5 0  
MA5 3 b o  
MAS 970 
MAa Y I j O  
MAS 990 
Miis 102 D 
MAS 1 0 10 
MAS1 020- 
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APPENDIX G 

C 
C 
C 
f 

C 

C 
C 

C 

C 
C 
C 

r c 

C 
C 

SUBROUT I NE CEO!? GtO 
ULb 

C A L C U L A T E  T H E  D I R E C T I O N  C O 5 I N E S  R E L A T I N G  T h E  LANbEd CGORD. SYSTEMGLC,  
TO T H E  FIXEC CGGRGI S Y S T E M  CtC,  

U t U  

CCMMCN/ L 1 2  / P$X [ 1 1 9 C R Y ,  C R Z  P GVX 2 u V Y  9 U V L  t Q** X t Qf. Y 9 U AL 9 ijro 
1 0 R C X 9 Q R C Y p Q k C Z  ~ O V C X I Q V C Y  ,L 'VCZ,L 'WCX~Q!VCY YO?JCZI  GL 3 
2W~SX,ORSY,QRSZ,WVSX,QVSY , Q V S Z , G ~ ~ S X , G ~ ~ S Y I Q ~ ~ S Z ~  GtG 
3 U P S I 9 Q T H T A , Q P H I ~ C P S I C 9 ~ T H T A C , D P H I C 9 t P S I S , Q T H T A S , Q P H I S , D U ~ ~ ~ 5 ~ 9 6 4 ) 9  G E O  
4 D T 9 P t h 9 K A 1 9 Y A P 9  IDUK b E O  

.7 Grb 
C O M ~ ~ O N / L I S T 8 / D l L s D 1 Z 9 0 1 3 , 0 2 1 , 0 2 2 , 0 2 3 1 D 3 1 ~ D 3 2 ~ D 3 ~ ~ ~ S l l ~ D S ~ Z ~ ~ S l 3 ~  G t O  
lCS21,DS22,DS23 
2 D C 3 1 , D C 3 2 , D C 3 3  

P A Y L O A D  
c o ~ P = c o s ~ o P s I l  
S I K P = S I N ( c P S I )  
cos P H =cos ( Q P :I I 
5 I N ? H  = S I F1[ CPF! I 
C G S T = C C S ( d T H T A )  
S I M T = S I N ( Q T H T A l  

D l l = C Q S P * C O S T  
D 1 2 = C O S P * S I  N T * S I i l P H - S I N P K O S ? h  
D 1 3 = S I P: P 95  I N P H  + C 0 S P * S I N T * C C  S ? H 
D 2 i = S I N P * C O S T  
022=COSP9COSPn+S!NPXSINT*SI~~h 
023=SINPwSINT"CO5PH-C~SP-~Si~P~ 
0 3 1 =-5 I NT 
D 3 2 = C O S T + S I N P H  
0 3 3 = C O S T * C O S P d  

10 
2 0  
30 
40 
23 
00 
7 0  
6 0  
90 

100  
110 
120  
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C 
C 
c 
C 

c 

C 

C 

C 

C 

5 

C 

C -  

C 
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C 

C 

C 

C 

C 

C 

C 
C 
c 

i c i  
i 
C 
c 

20 

I F  
IF 
IF 
IF 
IF 
IF 
I F  
IF 
IF 
i F  
IF 
IF 
IF 
IF 
I F  (Ads  
IF (ABS 
IF (~BS(QTHT~SI.LT.1.OE-24) OTHTAS=O.O 
IF (AtS(GPHIS).LT.l.CE-24) QPHISSO.0 
CONT I PJJE 

bETERXINL IF IT IS A PRINT TIMk 

IF (TI+iEeLTe(OT/2e)) GO TO 20 
I F ( I RLALe EQ. 1 ) JPRI NT=JPRPNT+l 
CON T I kiJE 

ACC Li30 
ACC 000 
ACC 670 
ACC 060 

ACC YO0 
AiC 510 
ACC 920 
ACC 930  
AiC r40 
ACC 930  
ACC 960 
ACC 970 
ACC 960  
ACC 990 
ACClOOO 
ACC 10 10 
ACC1020 
ACC1030 
Acc134b 
ACClO50 
ALC10b0 
ACC107C 

acc 0 9 0  

ACClCGO 
ACiiOYO 

IF (NOFOR*NEsl) GO TO 30 ACCllOO 
IF (NPIIIl'jT~EQaJPKIldT) WKITE ( 3 )  TIME ACC1110 

30 CONTINUE ACCllZO 
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C 
C 
c 

41, 
33 
C 

C 
c 
c 
C 
c 

c 

ou 
7b 

0 ;  

A C C l l 3 O  
A C C i l 4 0  
A C C l l > O  
A C C l  ioij 
A C C i 1 7 3  
A C C  1 1 6 0  
A C C i 1 9 L I  * 

A C C l Z O O  
A C C l Z l O  
A C C  1.22 0 
A C C i 2 3 0  
AC C 1 L 40 

A C C l . 2 6 0  
ACC l i  7 3  
A C c s L o o  
A C C  1 L 9 3  
ki 'Cl3CC 
ACCl3lO 
ALC13i0 
A C C 1 3 3 0  
A C C  1340 
A C C 1 3 5 0  

A C C l 3 7 0  
A C C  13 a0 
A C C l 5 9 3  
i r C C l + L d  
kci1413 
ACC 1 4 2 0  
A C C 1 4 3 O  
A C C 1 4 4 0  
A C i 1 4 5 0  
A C C l r L O  
A C C l i 7 0  
A C C 1 4 6 0  
A C C L 4 r O  
k i C  i 5 30  
i rcc1513 
A C C i 3 2 0  
A C C  i 5 3 0 
A c C l > G O  
A C C  5 >io 
A C C i 5 b O  
A C C i 5 7 C  
A c C l t j a 0  
A C C l 3 9 O  
A C C 1 6 C O  
P.CC 1 b l 0 
A c C l O Z v  
A C L  i o ~ i i  
A i ( ; L b 4 0  

AL. i l6bO 
A L L 1 6 7 0  
BC'iS,-O 

AcCiL 3 3  

k C C 1 3 6 0  

A ~ c 1 6 5 9  
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A C C 1 0 9 0  
A C C 1 7 0 0  
A C C  17 10  

lCJ0 
110 
C 
C 
C 

C 
i 
C 
c 
A20 

130 
C 
140 
C 
r c 
C 

C 
c c 

C 
c 
c 

C 
C 
C 

c 
c 
c 

U W G X = Q WS X 
QWGY=CWSY 
( ; I ~ ~ ~ G ~ z = P ~  ‘ c  d32 
I F  ( L M G A K P )  90990~100 
QD AM F = 0 e 0 
GO T O  110 
Q D A K P = l . O  
C J d T I h i i E  

C k L C U L A T t  A T T L N U A T G K  F O R C E S  AEUD TOilQUES 

C A L L  S T R O K E  

kE I4 fX i i t i i  SUM O F  F u R C i $  APGu T D I I u U E S  

F C 3 C E  ON P A Y L O A D  FRC:,i F O O T P A D  ( I N  F I X E D  COORD. SYSTE;. , )  

F S X = L i F X  
FSY =UFY 
F S Z = Q F Z  

T O H Q U E  ON PXYLOAU FKOobI F O O T P A D  

T S X l = w T X l  
T A Y l = G T Y l  
T S Z . l = U T L l  

T O R Q d E  ON F O O T P A u  FROM F O O T P A D  

T S X 2 = Q T S X Z  
T S Y 2 = W T $ Y 2  
T S L 2 = O T S Z 2  

S t T  U P  F 3 R  StCOiduARY c Q U I P M L N T  ITLN S T R U T  F U K C C  L A L L U L H T I O N S  

A C C  172  0 
A C C 1 7 3 0  
A C C 1 7 4 0  
A C C 1 7 5 0  * 
A C i 1 7 6 0  
A C C 1 7 7 0  
ACC i 708  
A C L l 7  $0 
A C C i o C i r  
A L L  1 j i 0 
A C C l d i O  
A C C l a 3 0  
A C C l c 4 0  
A C C l i l 5 O  
A L c l o  b 0  
A C C l i r 7 0  

A L C i d Y O  
A C C  L Y O O  
A C C l  S i 0  
A C C l S Z O  
A C C i 9 3 0  
A C C 1 9 4 O  
A C C 1 9 5 0  
A C C l S 6 0  
A C C 1 5 7 0  
ACClSaO 
ACC 1 PYO 
kLc;lC(iu 
A c c i o l c  
ALL2029 
A C C Z L J 3 0  
A C C L S 4 0  
A C C 2  0 50 
A c C i D b O  
A i C Z 0 7 C  
A C L Z O S Q  
A i C L O Y O  
k L L r i l 0 i l  
A C C L L  i0 
A C C L 1 2 0  
ALCL 150 
A L C Z i L i O  
A C C 2 1 5 0  
A C C L L G O  
A C C 2 1 7 0  
A C L Z i  b 0 
AL(12 I Y O  

kLi .2200 
A C C L i  i 0 
A ~ ~ i c 2 0  
ALCd.230 
~ L L L L ~ U  

A L C l G d O  
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150 

io0 

170 
i d 0  
C 

C 

C 
c 
c 
C 

190 

c 

38 1 



250 
C 
2 10 
C 
C 
c 
C 
c 

c 
C 
c 

c 
C 
c 
i 

c 
c 
L 

C 
C 
C 

220 
i 

i 
c 

L 

C 
C 

c 
C 
C 

C 
C 
c 

SRJkT(Il=uSkT(I) 
SDJK(I)=QSL(I) 
VELJ~(I)=PVELLII 
SRJK(I)=OSR(I) 

CONTINUE 

RE:~~ELEER s w  OF FORCES ~ f i ~  TGRGUES 

FORCL CN PAYLOA3 FROP: SCCONDARY EGUIP. ITEM 

ACCLaiO 
ACCZdZO 
ACCLtr30 
ACCZd40 
A C C Z d 3 0  
ACCZ850 
Aii.2070 * 
ACCZbO0 
ACC2 9c 

(IN FIXE3 COORDe SYS.lACC2900 
AcC~910 

FCX=WX 
FCY=OFY 
FCZ-SL~FL 

TC;RbUE O h  PAYLGAv FRO,+, SECOKDAIIY EUUIPMLNT ITEM 

T CX 1 =2TX1 
TCYl=GTYl 
T CZ l=ITiLl 

TOilCbE 0:; SECGNDARY ELUIPi,EP.T ITEfl FROY SEC3h3ARY EQUIPMENT 
I Tit,; STRUTS 

TCX3=r*TCX3 
TCYb=r*TCY3 
TCZ3=GTCL? 

uETEkoi!K\;; SOIL REACTILX LOAUS 
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C 
i 
C 

c 
C 
c 

c 
i 
c 

L 

C 
C 

i 

c 
C 

C 
c 
c 

c 
c 
i 

COcid3. S Y S T E M  
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250 
C 

C 
C 
C 
C 

C 

c 
C 
C 

C 

c 
C 
C 

260 
C 
C 
C 

l ) - C M E G A ( J J ) + C : ~ E G A ( J J ) * U ~ ( J J )  A C C 3 9 3 0  
CCNT I NirE  A C C 3 9 4 0  
P n Y L G A i i  TCiRGiUi A C C j Y > O  
T X = T C X l + T S X l + T i l k X + T ? P X l  A C C 3 4 u O  
T Y = T C Y l + T S Y l + T R R Y + T P P Y l  A C C 3 9 7 0  
TZ=TCZJ+TSZ l + T R K Z + T P P Z  1 A C C 5 9 8 3  

h C C 3 9 9 0  
A C C 4 0 0 0  

PAYLOAD ANGULAR ACCEL. A C C 4 0 1 0  
A C: C 4 0 Z 0 

~ X = T X - ~ W Z * Q W X " U X Y + W W X * ~ ~ ' Y * U X Z -  (WWZ*~WZ-OWY*LIWY 1 *UYZ-SbJY*Q>JZ*( U Z Z - U A C C 4 0 3 0  
1 Y Y  1 k L C L . 5 4 3  

B Y  = T Y - i; !.I X*C il Y ++ U Y L +Oh Y * 3 :,! Z ++ U X Y - ( U\v X* a Iri X -d Y Z *wid2 ) *U X Z -U W Z+Q W X * ( iJ X X -U A C L  40 5 0 
l i - L  1 ACC4OoU 
3 Z = T 2- w Z Y *w vi L* iJ X L  +ir LW X* w i v  2% U Y  2- ( a!&! Y $6; <# Y -U bi% *w>v X ) *U A Y 7 w i$ X*\j W Y * ( J Y Y -UAC i 4 0 7 v 

1xio A C C ~ S U O  
A L . c 4 b Y 3  

ii D;: = cx x * L x+ CX Y * b Y + c x Z.k 2 z Ai c4 I 0 0 
L:' DY = c Y x +k s x + c Y Y Hi5 Y + CY z* 32 A C C 4  L 10 
;~3z=czxaax+CzY*YY+czz*~~ A C C ~ I L O  

ACC4130 
A C C 4 i 4 0  
~ ~ ~ 4 1 5 0  

SECCNCARY EduI P X C X T  1TEr.i ANGULAR A C C E L E R A T I O h S  

tic ' -  LA - T C X 3 -Uk C 2.3' U'd C X* 9 C X Y +L'X C X * L  M C Y * u C X Z - ( GI.: C Z * C u  CZ -Ij v i  C Y * GI;; C Y  1 * U CY Z - A  C C 4 i 6 0 
l&CY* .2 .CZ*  ( u c z z - U C Y Y  A C C 4 1 7 0  

b C Y  = T C Y 3 - ~ ; I I : C X * ' i l d C Y ~ ~ C Y Z + ~ ; ~ C Y * ~ ~ " C Z * U C X Y -  ( ~ ~ l C X * Q i ~ C X - ~ ~ " C Z a Q ~ ~ C Z  ) * U C X Z - A C i 4 l d O  
lL>"CZ+~d!,.CX* ( L c ; X X - l J C i L  1 A C C 4 i 9 0  
3 c i  = T C L 2 - X ) X-d C X y -A r: i 4 i 0 0 

1 b i i C X * ~ h C Y *  ( U C Y Y - u c x x  1 k L C 4 Z i G  
A C C 4 2 2 5  

wc cx  = E CX x* D cx + ccx Y * t) CY + C CXZtS a i  z 
A C C 4 L 4 O  "U Y c i = CCY X X -  3 cx+ CCY Y *a CY +c CY Z*B c z 

k i u C ~ = C C ~ X ~ ~ C X + C ~ ~ Y * ~ ~ Y + ~ ~ ~ ~ * ~ ~ ~  A C C 4 2 5 0  
ACL4iG0 

F X T P A D  T Z R L U E  A C C 4 - 7 0  
A C C 4 L 6 6  

T S X = T S G X + T S X i  A C C 4 2 9 0  
T S Y = T S G Y + T S Y Z  A C C 4 3 O O  
T S Z = T S G Z + T S Z Z  A C C 4 3 i 0  

A i C - r 3 Z O  
F O U T P A D  A X U L A R  A C C E L E R A T I O N  A C C 4 3 3 0  

AiC440 
I F  [ N O K O D E e G T e O )  GO TO 2 6 0  A C C 4 3 5 0  

A C C S i b O  
F O O T P A D  F L E X I C I L I T Y  N O T  I N C L U D E D  A C C 4 3 7 0  

A c C 4 3 6 0  
1:' CS X = T S X  / U S X X  A C C 4 3 9 0  
~ D S Y = ( T S Y - G ~ , i S Z * ~ i ~ S X * ( U S X X - U S Z Z )  ) / U S Y Y  A L L 4 4 0 0  
1;DSZ= ( TSZ-Ok!SX*O!bSY*I J S Y Y - U S X X )  1 /US22 A C C 4 4 1 0  
tic T O  29C k L C 4 4 2 0  
C C N T I N L i E  A C C 4 4 3 0  

A c C 4 4 4 i )  
F G O T F A D  F L E X I b I L I T Y  I N C L U D E D  A C C 4 4 J O  

A c C 4 4 6 u  
XA1=G e 0 A C C 4 4 7 0  
Y A 1 = 0 e 0  A C C 4 4 8 0  

;! y Q i.. CL 5 2 <;: Z +\r vi CX+r. .$ CZ * C yz - ( +< C y  *&'y CY - II ;, C X *ij ; j  

A C C 4 i 3 0  
, ,:. - <  
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270 

2 8 0  

L Y O  
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3 t i O  

C 
3 1 0  

C 
320 
C 
350 

C 
340  

C 
3 5 0  
C 
300 

C 
3 7 0  

3 8 0  

350 
4 d 0  

4 1 0  
C 
C 
L 

C 
C 
C 
4.2 0 
4 3 0  

ACi;  j-, , LOO 

ACC22 70  
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440 
C 
C 
C 
450 
460 

470 

460 
450 
5 3 0  

5 1 0  
C 
c 
C 
5 2 0  
$ 5 0  

540 

FOOTPAD A C C E L E  R0i.i E T E iR V A L  ti E S 

A C C E L E R0M E ER VALUES 
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i 

C 

APPENDIX 6 

C 
c 

5 5 0  
560 

570 
C 
C 
C 

530 

590 
C 
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C 
C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

c 

SUBROUTINE STROKE 5 T R  10 
STH 20  

T h I S  S u a R O U T I N E  DETERMINES TEE STRUT STROLE FOl iCEs  A5 A F b N C T I G N  STR 30 
OF LANDER CO+iPON€NT V E L O C I T I C S  AND P G b l T I O N S  STR 40 

STr: 30 
S T R O i E  FORCE P R O F I L E  I S  E I T H E R  F R t t  R E T U k i I  ( I R E T = O )  5 T H  0 0  
GR F R I C T I O N  RgTURK ( I R E T = l )  5 T R  70 * 

bTli 00 
C O i v , ~ C N / L 5 A / D T , T i ~ ~ ~ X ,  I P R I R T ,  IbTGP,I i iurVi ,d ,  I~cKh;),JPriliuT,,IP~II\IT,I\IL).FC)K S T I i  90 

s T l i  IOU 
C O , Y M O N / L ~ D / I C P  ISSvOFCo’4AX[6)  ~ C J F C C I I N ( ~ )  r O F S M A X ( 4 8  ) r G F S i d I N ( 4 8 )  I STR 110 

l T S S Q ( 4 H ) . T C S Q ( 6 ) r T O T S C R ( 4 8 ) r T O T C C H ( 6 )  STR 120  
STic 130 

C O ~ M O N / L 7 A / F S G X ~ F S G Y , F S ; Z , T S G X v T S ~ Y , T S G Z r ~ F 5 ( 5 ) ,  AREA, AREAM STR 140 
STR 150  

C O V ~ ~ 3 N / L 7 B / Q X ( 4 6 ) , S Y ( ~ 8 ) , ~ ~ l 4 ~ ) , Q S Q P ( 4 8 ) I ~ ~ S ~ T , ~ F C ( ~ ~ ) , Q C ~ ( 4 ~ ) , ~ S ~ , ~ T ~  ib0 
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10  

C 
2 .j 
3 5  

40 

C 

.. c 

C 

5 0  

60 
70  
C 
C 
C 

C 

80 
90 
100 

110 
120 

1-3 0 

140 

1 5 0  

160 

i T R  573 
S T K  >uO 
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C 
C 
C 
170  
130 
190 

ZdO 
C 
C 
C 
C 
C 
C 
210 

C 
C 
C 
2 2 0  

C 
C 
C 
2 3 0  

c 
C 
C 
240  
250  

c 
r L 

r 
L 

260  
C 
C 
C 
270  

c 
C 
C 
280 
C 
c 
C 
290  

300 
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C 
c 
310 

3 2 3  

C 
C 
C 
C 
3 3 0  

C 
C 
C 
3 4 0  
3 : c  

C 
360  

C 
C 
i 
370 
C 
C 
C 
380 

C 
C 
C 
390  
C 
C 
C 
4L0 

410 

C 
C 
C 
420 

4 3  0 

GO T O  450 

PLASTIC CRUSHING 
S T L = ( S O ( I ) + Q S D ( I ) ) - S ~ ( I )  
R F L A G a l  
GC TC 760  
OSR ( i )  =SQ ( I +G)FC ( I 1 *COEF ( MI, I /QCH ( I )-SO ( I 
Q S F ( I ) = Q S R ( I )  

G O  T G  f-40 
FHCQ(I)=3FC(I)*COEF(i~l,I) 

STRUT IS E X T E N D I N G  

F D Q ( I ) = - l e O  
I F  (;U(I)-(SO(I)+Q53(1))) 3 4 0 ~ 3 6 0 1 3 7 0  

STRUT I S  SHGRTER T H A N  ORIGINAL 

I F  (SO(I ) - ( S O (  I ) - C S r l I )  2 9 0 , 3 5 0 9 3 5 0  
itiC~(I)=GCH(I)aL(SC(I)+GS~(!))-SQ(I)) 

STRlo90 
STR1703 
5 T R ~ 7 1 0  
5TKi7LO 
LTR173u 
S’i R i 7;0 
STR1750 
STRi7oCi 
ST111770 
STiil7aO 
STR1790 
5:xid,og 
STRlol i )  
5 T R l b Z O  
STillB3u 
STK1040 
aTRi65iU 
STKlsbO 
STiilS7U 
S T K i b o i )  
STRlo33 

GO f O  450 5 T R 1935 
5TK13li;  
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4 k 2  
4 5 0  

450 

470 
c 

c 
C 
C 
C 

520  
530 
c 
C 
C 

5 4 0  
C 
C 
C 

5 5 0  
550 
c 

C 
c c 

T O T A L  ~ T I I u T  FuRCL I; LTATIC FOitCE ( F t l C G (  1 )  1 P L U S  Fr i lLTICIh  FCJZCL 
A N G  V I S C O U S  FORCE I F  T H t Y  E X I S T  

I F  (SQ(II-SG[I)) 4 8 0 3 ' 9 0 ~ 5 0 0  
C F F = F F C ( I )  
GO TO 510 
CFF=,.C 
G3 T O  510 
Q F F = F F T ( I )  
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C 

C 
C 
C 

570 

C 
c 
C 

5 8 0  
C 

* c  
C 
C 
C 

C 
590  

6(J0 

610 

23 
63C 

C 
C 
C 
640 
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650  

660 
C 
C 
C 
C 

C 

670  
C 
r 

C 
C 

tYO 
C 

690  

C 
750 

7L13 

7 5 0  
c 
C 
C 
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750 

C 
780 
733 
3;s 

8 10 

823 

830 

840 

C 

CTC%3=3TCX?+TCQX3(1) 
CT;Y3=OTCY3+TCQY3(1) 
QTCZ3=QTCZ3+TCQZ3(1) 
RETLRN, 
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C 
C 
C 
c 

. c  
C 

C 

C 

C 

r 
L 

r L 

C 

C 

r 
L 

r 
L 

C 

C 
C 
c 

1; 
2; 

F P s  10  
F P S  20  

T H I S  SUBROLITINE D E T E R M I N i S  T h E  FORCE3 Clu ThE FOOTPAD DbE TO F P b  3u 
THX S O I L / F O O T P A D  I N T E R A C T I O h *  I N  AGDIT IG* \ i ,  P R ~ V I J I G ~ L  FOIi A FPS 40 
Z E C O W A R Y  ATTEJ?JJ4TION SYSTEM SN Tr iZ  6STTOM 3F THE F 3 0 T P A D  F P S  50 
ARE ALSO INCLUDEw HLR,. F P J  ou 

COMMON/L5A/DT 9 TMAX 9 I P R I N T ,  I STOP 9 IHUNNO 6 0  

SUEROUTINE F P S O I L  

FPJ 7G ' 
1 SERNO ,JPK I N T  ,NPRI  NT ,NOFOR FPS 

CGMXGN / L 5 C / 2 ET A 9 P LN 9 5EG41 v FPC; G 
F P S  40 
F P 5  100 
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30 
4G 
C 
C 
C 
C 
C 

53 

6': 
C 
C 
C 

70 

83 

C 
C 
C 

NELS=RI(I) 
I F  (INATT.EQ.0) GO TO 40 
DO 30 J'19NELS 
T H L I t J ) = T C * T H I C K ( I )  
CONTIWQE 

GETERMINE S O I L  MECtiANICS ROLTINE TO BE CrSZD 
* 

NTYPE = 0 - 
NTYPE = 1 - 

I f 
P I Z = P I / 2 . 0  
P I 3 = P I 2 * 1 . 5  
D(1)=0.0 

( N TY PE e EQ e 1 1 GG TO 60 

I F  ( IF! ">TTaEOeC) 50 TO 100 
CELF:A=O.O 
I SAV=D 
DO 9C I = l s K A  
NELS=:.II (I ) 
DO 90  J z 1 9 N E L S  

I F  (DELAcLT.0 a 0 .ORODELA. L T . u i L i M )  GO TC 90 
DELMA=DELA 

D E L ~ = - ( D S ~ ~ * E X I I I J ) + D ; ~ ~ " ~ Y ( ~ ~ J ) + C S ~ ~ + E L ~ I ~ J ) ~ ~ R ~ ~ )  

F P s  5 7 0  
FPS 580  
FPS 5 9 d  
FPS bbi; 
F P s  Ol.0 
F P b  v Z i j  
FPS 630 
F P a  O ~ U  

FPs 030 
F P a  030 
F P h  070  

FP- 6 9 0  
F P L  750 
F P L  710 
FP; 720 
F P 5  7 3 3  
F P i  74ij 
F P s  752 
F P a  7 5 s  
F P a  770 
F P b  7iL 
F P 5  730 
F P 5  o 3 U  
FPC; 8 1 5  

FP; b3G 

FPS 640  
FP; O L O  
FP;, 6 7 0  
F P ,   SO^, 
FPS i93 
FP, 430 
FP3 9 i i i  
FP;; ,320 
FPS 2'30 
FP, 346 
F P j  '1'50 
F P b  Y i C  
FPb 9 7 0  
FP;, Y O L  
F P J  YYC, 
FPa iOGO 
F P ' s i u i O  
F P S i O 2 0  
F P 5 1 0 3 0  
F P y l O L 3  
F P C l C 5 0  
FPSlGSO 
F P a l j 7 3  
FP.51080 
F P 5 1 6 3 0  
F 2 b 1 1 0 0  
F P s  l i l u  
F P - 1 1 2 3  

FP, Gzi; 

FF., 076 

FP, b 4 C  
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90 

130 

110 

c 
C 
C 
120 

130 

140 

C 
C 
C 
150 

I S A V =  I 
J S d V = J  
CONTINUE 
I F  (ISAV.EQ.O.AND.NOMODE.EQ.0) GO TO 3 4 0  

3 E L X = - A ~ I i ~ l ( U E L l , ~ E L 2 , C L L 3 , D i 1 4 )  
I F  L D E L X . G T I ~ t L R )  D E L K = d E L X  
COMT I RUE 
I F  (DELK.LE.O.1 b0 TO 150 

C?.LCL'LATE C t i A N G f  I N  FGZTPAD RADIUS WITH D E P T h  
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160 

170 
C 
C 
C 

C 
C 
C 

l & O  
190 

C 
C 
C 

C 
C 
C 
2’;o 

COKTINLJE 

C O N T I N U E  

DETERMINE DISPLACEMENT G F  CCNTRGL POIPIT 

DEL=CSll*QOX+DSlZ*C?Cjy+DS13*dGZ+O’RSX 
I F  ( D E L e G T a O e )  50 TO 330  
DELX=-DEL 

COMPUTE V E L O C I T I E S  GF FOOTPAD CONTROL CONTACT P O I N T  

~ l = ~ ~ z * o ~ ~ ~ s Y - ~ ~ x + w ~ ; s L  
A 2 = ~ ~ X r G s S L - ~ i L * u ~ , ~ S X  
A 3 = C Q Y *O b! 5 X-03  X *O $!S Y 
I F  (!:CYSCEeEG.O) GO TO 190 
DO 160 L=l,P.!OI’3,CE 
A l = A l + C D  ( L  ) * Z P H I  ( K C  t L )  
A 2 = R 2 + C D ( L ) ~ S F H I ( K C + l , L )  
A ? = L 3 + . i b ( L l * S P I ? I  ( K L + Z t L I  
CONTIMUE 

KK=KK+3 

e 

. .  
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c 
C 
C 

i10 

220 
i d 3  

c 
c 
C 

240 

25s 

c 
c 
c 
i 

c 
C 
C 
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FPSZBlO 
FPS2620 
FPS2630 
FPS 2 b 4 O  
F?SLo50  
FPbLBb0 
FPa2070 
FPs2dZ0  
F 1 3 ~ 0 3 0  
FPS2903 
F P 2 L 3 i 0  
FPS 2 5 2 0 
.FP 5 L 93 0 
FPS2949 
FPS2950 
FPS 2 30  0 
FPS2970 
F P S L 3 i 3  
FPS 2 993  
FPa2300 
FP430 10 
FP53020  
FPS3030 
FPS 9043 
FFS3050 
FPS506C 
FPS3070 
FPS3060 
FPS3030 
F P S j 1 0 0  
FP> j r 1 0  
F P s 3 l L O  
FP231JCl 
F F 5 2 i 4 0  
F P S 3 l 5 0  
FFS 3 lo0 
FPS3 1 7 0  
FPs 3 1 o 0 
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C 

C 

c 

C 

C 

c 

C 

c 

C 

(5 
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c 

i 

L; 
ZU 
i 
C 
c 

C 
c 
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GdT L L L O  
ucrT2230 

409 



lri0 
c 
C 
C 

c 
c 
i 

C 
c 
C 
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C 
c 
C 
C 

. c  
110 
C 
1 2 0  

,. c 

c 
c 
c 
130 

C 
C 
C 

C 
C 
C 

Pi? 1 i\iT E 3 U  I P X N T  Lt I SPLACEbiENTS hPiD V i L O C  I T I ES 

PRIlvT FOUTPAU D I S P L A C E X E N T S  AND V E L 3 C I  TI ES G i J T 3 3 i O  
OUT3>39 
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C 

c 
c 

c 
c 
c 

i 
i 
C 

140 
i5Cj 

. c  
c 
C 

C 
i 
c 
i b o  

170 

190 
c 
C 
C 

I F  ( I k C C i 5 L e L E e G l  GO TO 220  O u T 3 9 2 0  
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200 

210 

L Z O  
C 
2 3 0  

C 
i 
C 
240 

250  

260 

270 

2 8 0  

230  
3UQ 
i 
C 
i 

N R I T E  ( I P p 9 2 0 )  ISS 
GO TO 3bG 
WRITE ( I P 1 5 3 0 )  
COtdTINuE 

SET UP FUR SUMMAHY 3F STkUT A N D  A C C t L c R n T I u N  INFOKI*IATIUN 

L)O 310 <=lsJK 

OUT3930 
OUT 3 4 4 0  
OUT3 9 50 
O b T 3 9 6 0  
O J T 3 5 7 0  

OLJ T 4 4 1 0 
O J T 4 4 2 0  
O J T i 4 3 0  
OC*T+'T+O 
UuT44sO 
W T 4 4 o O  
CuT4470 
OUT4480 
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, I = l , L I * I  
9 I =1, LN 
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UPENBIX G 

i 3 0  
4 4 G  

4 5 0  

460 
470  
45 0 
490 
j d 0  
3 L O  
Si0 
5 3 0  
540 
550 
560 
570 
5ari 

590 
6uQ 
610 
620 
633 
640 
650 
660 
670 
680 
690 
730 
710 
7 2 0  
730 
7'0 

750 
7cc  

7 8 0  
790 
830  
510 
$ 2 0  
330 
8 4 0  
6 5 0  

860 

77c 

FOR I4A T 
FOXbi l iT  
F O R M A T  

F O R M A T  
F O R M A T  
F O Z N A T  
F C RM A T 
F O R X A T  
FOl ib iAT 
F O R M A T  
FOR 41 A T  
F OR?: A T 
F O R Y A T  

1 2  

/¶5lH ATTE;.IUATOK S T R U T S )  
/ 2 5 H  i 4 A X I i , i U t l  STRLI?' S T R O K E S /  9 2 0 H  E G U I P X E i V T  S T f i U T . 5 )  
167H3 i~~AXIviLiii A C C c i i R A T i C N S  C e G e  1 

1 8 H  E L I U I P h C l d T )  
1 4 X 9 7 H  X D ! K o * 7 X 9 7 E 1 2 e 5 )  
14X97h Y D I i 3 e r 7 X ~ 7 k l 2 e ; )  
1 4 X 9 7 H  Z U I H e t 7 X ~ * 7 E 1 2 e 5 )  
1 6 H  PAY L O A D  ) 
34H iv:AXIi<L;>4 F G d T P A i j  C G K T A C T  A R E A  = E l 4 * 5  1 
16H F O O T P A J  
3 9 H  1 E Li U I PMEN T k C  c L E i i . 3 ~ ~ 1  E T EK T I ME ti I ST OR I ES ) 
3 7 H  1 PA Y LU AD A C C  E L E  ii OM E T Ek T I K E  H I S T  OR I CS ) 
3 7 H  1 F O O T  P A S  AC C E L CROME T ER ? I P;S 3 I S T  02 I ES ) 

3 4 5 6 )  

f E 1\1 L li A L I 2 E IJ C 3CH u I :\A T t 5 ) 
AODE ( 2 )  NODE ( 3 )  i?GDE 

S T R U T S )  
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